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ABSTRACT FOR REVISION 5

Modifications and new features of the resonance analysis code SAMMY, release M5, are
documented in Revision 5 of the SAMMY Users’ Guide. Among the new features added to the
code are: (1) The capability to generate Coulomb penetrabilities and shift factors, so that
charged particles can be used either in final states or as the incident particle. (2) Modernization
of the code’s structure, resulting in increased computation speed. (3) Improved treatment of the
Unresolved-Resonance Region. (4) Bondarenko averaging. (5) Compliance with new ENDF
formats for File 2 (Reich-Moore resonance parameters). (6) Generalization of the RPIresolution
function. A more complete listing of the new and improved features available in M5 is given
in the Introduction to Revision 5. ‘ ‘
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Modifications and improvements to SAMMY subsequent to the publication of Revision 4
of this manual are summarized here.
(1) The ability to calculate Coulomb penetrablhtles, shift factors and phase shlfts w111 extend
the applicability of SAMMY to other types of data such as (n,a), (n,p), (p,n), (o.,n). Section IILH
provides details on the Coulomb implementation in SAMMY.

(2) One change which is essentially invisible to the SAMMY user is the combination of the
various segments into one large program. In addition to easing portablhty problems this change
has resulted in increased computation speed; SAMMY runs with Version M5 will require less
CPU time than the same runs with earlier versions. Details are found in Sect. XI.

(3) From the equations for Doppler broadening (Sect. IV.A.1 and IV.F), it is clear that the
Doppler width is mass-dependent, and therefore changes from nuclide to nuclide. Unfortunately

~ this detail was overlooked in prior versions of SAMMY (M2a and earlier). That oversight has

been corrected for Version MS. For most experimental conditions, this will be a small effect.
For cases in which two nuclides, both with large abundances, have vastly different masses, the
effect will be more pronounced. SAMMY users will want to be aware of this error, and consider
what 1mpact it mlght have on their evaluations. ‘

(4) It is now possible to calculate 1nd1v1dual reactlon types or 1nd1v1dua1 ﬁssmn channels For
example, one might wish to know the (n,o) cross section separately from (n,p) or (n,n’). [In prior
versions of SAMMY, all “exit channels” were automatically included in the outgoing final state
whenever the data was specified as inelastic, fission, or reaction.] Details on how this is
accomplished are given in Sect. V.L, page 98w. :

(5) A bug was discovered (and exterminated) in the derivatives with respect to resonance
parameters. This bug was found while the author was playing with artificial data, and occurred
only when the penetrability was very small, that is for low energies and non-zero angular
momentum. Hence it is highly unlikely to have affected calculations relating to physical data.

(6) Errors in implementation of the RPI resolution function have been corrected, and the form
of the function generalized. Preliminary values of resolution parameters suitable for use with
Geel data are provided. See Sect. IV.G. '

(7) Values of parameters for either the RPI resolution function or the ORR resolution function

can now be given in either the INPut file or the PARameter file. If any parameter is to be varied,
the PARameter file must be used.

Section I 2k(RS) | Page 1



(8) Improvements in the treatment of the Unresolved-Resonance Region include more exact
calculation of partial derivatives, normalization options for the experimental data, and increased
flexibility for input of experimental data. Details are given in Section V.J (page 98s).

(9) Derivatives with respect to the matching radius (channel radius) are now generated in a self-
consistent and logical manner. When the matching radius is varied but the neutron width is held
fixed, the width I, and not the partial width amplitude y, remains unchanged. This is true also
for other widths with non-unit penetrabilities (including Coulomb penetrabilities).

(10) It is now possible to utilize the MPW solution for Bayes’ Equations in the resolved
resonance region in a limited fashion. Individual SAMMY runs can generate W, and ¥, for
several data sets, and an additional SAMMY run will read those arrays, add them appropriately,
and update the parameter values and covariance matrix (i.e., solve Bayes’ equations via MPW
method). See Sect. I1.B.1.c (page 20c) for more detalls This scheme was initially devised for
retroactively generating an approximate covariance matrix for a pre-existing set of resonance
parameters.

(11) Bondarenko averaging is now available for the generation of multigroup cross sections; see
Sect. V.C.2 for details.

(12) Output covariance matrices for the resonance parameters can now be provided in an
~ abbreviated “concise” ASCII file, which the author intends to propose for adoption as an ENDF
format. Details are given in Section VILE. :

(13) SAMMY can utilize ENDF File 2 (LRU=1, LRF=3, i.e. the Reich-Moore format) for input
of resonance parameters (see Sect. VI.G), and can also provide output in ENDF File 2 format
(see Sect. VLF). The format change approved at the November, 1999, CSEWG meeting is
included; this format change permits specification of channel spin as well as resonance spin and
orbital angular momentum for each resonance.

(14) Additional output files, in legible (ASCII) format, is now provided by the auxiliary
programs SAMORT (Sect. VIIL.C) and SAMRPT (Sect. VIILM). These new files, with
extensions PLT, are intended for use where the ORNL plotting package FORODF is replaced
- by another package.

(15) Auxiliary code SAMSMC can be used to generate Monte-Carlo simulations of the multiple-
scattering corrections to capture and/or fission yields. See Sect. VIIL.O page 150z.7.

Section L.5 2/(R5) Page 2
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Il BAYES’ EQUATIONS

Starting from Bayes’ theorem and three basic assumptions, one can derive formulae for
updating parameter values and parameter covariance matrix elements, based on information
contained in the data currently being analyzed. These formulae, in their several guises, are
hereafter referred to as Bayes’ equations. Derivation of Bayes equations is given in Sect. ILA.
Implementation of Bayes’ equations in the code SAMMY is described in Sect. II.B.

Section II 3 (R5) | Page |






ILA DERIVATION OF BAYES’ EQUATIONS

A general outline of the derivation of Bayes’ equations is given here. Algebraic details
follow in Sect. ILA.1. The iteration scheme which compensates for non-linearity is discussed
in Sect. ILA.2. ‘ ST

Bayes’ theorem may be written in the form

p(PIDX) = p(P|X) p(D|PX) (A1)
where

1. P represents the parameters of the (extended) R-matrix theory and D represents the
experimental data to be analyzed.

2. X represents “background” or “prior” information such as the data from which prior
knowledge of the parameters P was derived. X is assumed to be independent of D.

L2

. p(P|DX) is the probability for the value of the parameters, conditional upon the new data
D, and is what we seek. It is conventional to call p(P|DX) the posterior probability.
Since P represents several parameters, p(P|DX) is a joint probability density function
(joint pdf.). The expectation values of P times p(P|DX) are taken as the new estimates
for the parameters; the associated covariance matrix gives us a measure of how well the
parameters are determined and of the inter-dependencies of those determinations.

4. p(D|PX) is the probability density function for observing the data D given that the
parameters P are correct. It is a function of the parameters P of the model and is
proportional to the likelihood functlon of the data D.

5. p(PX) is the joint pdf for the values of the parameters P of the model, prior to
consideration of the new data D; it is known as the prior joint pdf. The expectation
values of P times p(P|X) are the prior estimates for the values of the parameters; the
associated covariance matrix gives a measure of how well the parameters are known
before consideration of the new data.

Let P = {P,} for k=1 to K be the set of all parameters of the theoretical model to be
considered. The joint pdf p(P|X) is assumed to be a joint normal pdf having as expectation
value the vector P and the covariance matrix M. Under this assumption the pdf may be written

p(PIX) = exp ——;-(P—ﬁ)' M (P-P)| . WA 2)

where the superscript # denotes the transpose.

The experimental data are represented by a data vector D whose components D; are the
L datapoints. The experimental conditions are assumed to be such that the data D (i.e., the D/s)
have a joint normal distribution with mean 7' = T (P) and covariance matrix V. The likelihood
function is then
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p(DIPX) = exp ——;-(D—T)‘ V-U(D-T)| . (IA.3)

Here T represents theory (i.e., calculated values of cross section or transmission), and the
covariance matrix V represents not only the experimental “errors” of the data, but also any
theoretical “errors” resulting from approximations used in calculating 7. Obviously ¥ need not
be diagonal.

Combining Egs. (ITA.1, .2, and .3) gives an expression for the pdf of P after consideration
of new data D [i.e., for p(P|DX)], expressed in terms of the “true” value 7. What is needed,
however, is an expressions for p(P|DX) expressed in terms of the parameters P. This is obtained

formally by considering 7 a function of P, performing a Taylor expansion about P [the"

expectation value of p(P[X)], and keeping only the linear terms:
‘ T(P) =T + G(P-P) , (IA.4)

where 7 is equalto T (15_ ). The elements of G are the partial derivatives of 7, with respect to
the parameters P, , evaluated at P = P:
_ 9T,

G, = for n=1t0L and k=1t0 K (ITA.5)
dp,

P=P

Since T is a vector of dimension L (equal to the number of data points), and P is a vector of
dimension X (equal to the number of parameters), this “sensitivity matrix” G is of dimension
L xK.

Substituting Eq. (IIA.4) into Eq. (IIA.3) and using Eq. (IIA.2), we obtain for the posterior
joint pdf [Eq. (HA.1)]

p(P|DX) = exp

I S =
—5{ (P-PY M7 (P-P) +

(D-T-G(P-P)) V™' (D-T-G(P-P)) }J (LA 6)

Because of the three basic assumptions we have made, that is,

i. the prior joint pdf is a joint normal,
ii. the likelihood function is a joint normal,
il. the true value is a linear function of the parameters,

it follows that the posterior joint pdf'is also a joint normal. Denoting its expectation value by P’
and its covariance matrix by M’, we may write
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o peipn = e |- { Py M @-P) ]

N |-

(1IA.7)

As shown in the next subsection, equating the linear and quadratic terms of the exponents
in Eqgs. (IIA.6) and (IIA.7) yields our final results, hereafier referred to as Bayes’ equations:

P -P = MG' (N+V)' (D-T) , ' (IA.8)

and N
M-M = MG'(N+V)Y'GM , (1A.9)

where the L x L matrix N is defined as
N = GMG' (I1A.10)

The matrix N is the covariance matrix of the joint pdf for the true value of the data based upon
our prior pdf for the value of the parameters. Since this form of Bayes’ equations involves the
inverse of ( N + V'), within SAMMY it is known as the “N + V' inversion scheme” or “NPV

inversion scheme” (See Table VIA.2); this is the only form implementegi in the earliest versions

of SAMMY. For more algebraic details on this form, see [NL82].

An alternative form for Bayes® equations is the “J + O inversion scheme” ( or “IPQ
scheme”), which involves the inversion of a K x K non-symmetric matrix:

P-P =MI+Q)' GV (D-T) , (IA.11)

and
M = M{I+Q)! , (IIA.12)

where Q is defined as - :
Q =G'V'GM . (1A.13)

A third form of Bayes’ equations is the “M+ W inversion scheme” ( or “MPW scheme”),
which involves the inversion of a K x K symmetric matrix:

p-P=MGV'(D-T) , , (IIA.14)
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and
M = (M 1'+w) 1 | (IIA.15)

where W is defined as
w=G'V1iGg . (1A.16)

The NPV inversion scheme is useful either when the data covariance matrix ¥ contains
off-diagonal elements, or when there are more varied parameters than there are data points (i.e.,
when K> L ). (With Bayes’ equations, as opposed to least squares, that situation is permissible.)
For many situations in the resolved-resonance region, the IPQ and MPW schemes are more
appropriate: There are more data points than varied parameters (L > K ), and the data covariance
matrix is either diagonal or of a form that can be readily inverted.

In the limit where the prior parameter covariance matrix M is diagonal and its elements
tend to infinity, Bayes’ equations becomes the familiar least-squares equations. This is most
readily apparent in the MPW inversion scheme, which reduce to the least-squares equations by
setting M "' = 0 in Eq. (IIA.15).

Because the linearity condition of Eq. (IIA.4) may be only approximately correct, it is
necessary to alter Bayes’ equations slightly to permit iteration to an accurate solution. (Details
are given in Sect. ILA.2.) It is the iterative form of Bayes’ equations which is implemented in
the SAMMY code. ‘

Finally, we note that the derivation of Bayes’ equations which we present in Sect. IL.A.1
is not the only possible derivation. Alternatives can be found in [JM80] and [AG73].
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N II. A 1 Details of the Denvatmn

In Sect. IL.A, we stated that Bayes equations may be denved d1rectly from Bayes’ theorem
p(P|DX) = p(P|X) p(DIPX) , | (IALI)

provided the three basic assumptions are met. These assumptions are:
i. the prior joint pdf is a joint normal. That is, the pdf for the parameters, prior to
consideration of the data D, is

p(P|X) = exp —%(P—P')'M“ (P-M :  (IA12)

ii. the likelihood function is a joint normal. That is, the pdf for the experimental data is

pCDlPX) o eXp[-%(D—T)’ v (D-T)} : (IIA1.3)

iii. the true value is a linear function of the parameters. That is, a Taylor expansion of the
theoretical values around the prior expectation values of the parameters truncates after
the linear term, ‘ ’

T(P) = T + G(P-P) , (IA1.4)
£ -+ where the sensitivity matrix G is defined by
G, = o7, (AL 5)
*oop klp=P , - .

and the theoretical value 7_:, (i.e., T for data point 7 ) is also evaluated at P = P.

Given these three assumptions, the postefior pdf p(P|DX) isalso ajoint normal distribution
and may be written

p(P[DX)“eXP[ 1{ (P-P'Y M (P- P) }} (IAL6)

Substituting Eq. (IIAI .2) through (IIA1.6) into Eq. (IIA1.1) and equating the exponents yield,
in matrix form,

(P-P') M (P-P'y+Y = (P-P) M~ (P-P) +

(D-T-G(P-P))' V™! (D-T-G(P-P)) . (IIAI‘_.7>)
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where Y repg_esenis the normalization constant and is independent of P. Setting
P~-P =P-P +P' -PinEq.(IIAL7), and rearranging terms, we obtain

(P-P'Y MV (P-P') + Y
= (P-P'Y (M+G'V'G)(P-P)
N (P—F')’((M"+G’V“G)(13'—ﬁ) . G’V"(D-f)] | (A1.8)
« [P -Py (M6 v G) - (D-TY VG | (P-P)
+ (P'=PY M7V (P'-P) + (D-T-G(P'-P)) ¥ (D-T-G(P' -P)) .
Because Eq. (IIA1.8) must hold for all values of P, we may equate terms quadratic, linear, or
constantin (P - P’). From the quadratic we obtain Bayes’ equation for updating the covariance
matrix, and from the linear we obtain Bayes’ equation for updating parameter values. The
constant yields the invariant “Bayesian ¥*”.
We begin with the covariance matrix; the coefficients of the quadratic (P - 13')’ e (P- 1;’)
in Eq. (IIA1.8) yield _
' (MY?' = MGV G, (IIA1.9)

which is the form used in the MPW inversion scheme, with W=G'V "' G. Algebraic
manipulation of this matrix equation gives us the form used in the other inversion schemes:

(MY'M = MM+ G'V'IGM = I+G'V'IGM ,
where [ represents the identity matrix. Multiplying by M’ gives
MMM = M+ MG VIGM ,

which reduces to
M = M (I+G' V'tGum) , (TA1.10)

Thus we may define Q as
" 0=G'V'GM , (IIA1.11)

(as in Eq. (IIA.13) and obtain from Eq. (IIA1.10) the result
M = M(I-G'V'GM)' |, ) (I1A1.12)

which is exactly Bayes’ equation for updating the covariance matrix in the IPQ inversion
scheme, Eq. (IIA.12).
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_To obtain the NPV version of Bayes’ equatio'ns for the covariance matrix, further algebraic
manipulation is required. Using the identity ‘

X t'=2zx2)! (IA1.13)
with : '
X=1+G'VIGM=1+Q (IA1.14)
and |
Z=G'N+"'G , (I1A1.15)
where
N=GMG' , (I1A1.16)

giyes, from Eq. (IIA1.12),

M= MG (NG ((1+ GV G M) G N+ G

(IIA1.17)
= MG'(N+"'G ( G'(N+V)'G +G'V'GMG' (N+'G >_1
Substituting the value for N and rearranging give
M = MG N+ G (GH{ (V) N TYe) L @aL

The quantity in curly brackets is equal to ¥ -1 making that substitution and introducing the
identity V' ¥ ~! = I into the expression give

M = MG'(N+V)' V7' G |G riG)! (IA1.19)

Replacing V by its equivalent N + V'~ N then gives
M = MG'(N+V) ' (N+V-MV'G(G' ¥V 'G)"

(LA 1.20)
- MG'V'G(G'VIG) - MG (N+W)'NVG(G'VG)

When N is replaced by its definition in the second of these terms, the equation immediately
collapses to the form

M =M-MG (N+V)'GM , (1A1.21)

which is exactly the NPV version of Bayes’ equation for updating the covariance matrix, Eq.
(I1A.9). '
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Ifthe indices for the matrices in EQ. (IIA1.21) are explicitly displayed, the equation becomes

K L L K
My=M,-3 33 Y Mk,,Gm((N*V)'l),.j G. M, . (11A1.22)
n=l i=1 j=1 m=1
where N is given by
K K
Ny = El ’;‘ G, M, G, . (WA1.23)

To obtain Bayes’ equation for updating the parameter values, we équate the linear terms of
Eq. (IIA1.8). Since the left-hand-side of that equation has no terms linear in (P -P"), the
coefficient of (P - P’) on the right-hand side must be zero. That is,

(M'+G'VIG)(P-P) = GV (D-T) . (IIA1.24)
From Eq. (IIA1.9), the first quantity on the left is just M’ ™' ; we therefore have
P'-P = M G'V'(D-T) , (I1A1.25)

which is the form that Bayes® equation takes in the MPW inversion scheme, Eqgs. (IA.14).
Substituting for M’ from Eq. (IIA1.12) gives the form used in the IPQ inversion scheme,

P'-P = M(I+Q)'G'V ' (D-T) , (LIA1.26)
as in Eq. (IIA.11). |

To obtain the expression needed for the NPV inversion scheme, replace A’ in Eq. (IIA1.25)
with Eq. (IIA1.22) to give

P -P = (M—MG’(N+V)'16M)GfV“1(D—f) , (IIA1.27)

which reduces to
P -P = MG'(N+V)''(D-T) . (IIA1.28)

Explicitly displaying the indices in this equation gives

- - K L .
Pl=Pp = 3 3 3 MG, ((N+1)) (D,-T)) . (1A1.29)
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- Finally, we note that the constant term in Eq. (IIA1.8) may be simplified using Eq. (IIA1.29)
to give ' - ' '
Y = (D-T) [(W+V)" GMG'(N+V)" |
_ (I1A1.30)
+ (I-(N+VY'N) VT I-NWN=VYH][(D-T)

which reduces to
Y = (D-T) (N+VY"(D-T) (IA1.31)

29

In SAMMY, this quantity is referred to as the “Bayesian x*”. In the IPQ inversion scheme, this
quantity can be simplified to the form

Y=(D-T)YV'(D-T) - (D-T)'V'GMUI+Q)'G'V ' (D-T) (IIA1.32)

in which the first term is the usual (least-squares) %°, and the second term can be viewed as a -
“correction” to %°. The Bayesian ’ is, in some sense, a measure of the “best fit” than can be
found between this theoretical formulation and these experimental data. The goal of a Bayes fit
is, essentially, to have the value of the least-squares i’ become as near as possible to the value
of the Bayesian y* .
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II.A.1.a Implicit data covariance matrix

Bayes’ Equations, as derived above, can be modified slightly to efficiently incorporate
certain types of off-diagonal data covariance matrices. Often (e.g., in the case of normalization
or background subtraction) it is possible to write the data covariance matrix as the sum of two
terms, the first of which is diagonal and the second of which is “separable” in the sense that

,Vij = yi5, + zk: X, w, X} (IA1 a.1)

In this case the modification to the (N +V) version of Bayes’ equations is immediate: simply
replace ¥ by v + XwX’. The modification to the (I+Q) version is not so obvious, but may
be far more important because it eliminates the need for inversion of a very large matrix. Note
that ¥ can be inverted via

Vol (veXwX') =yl -y lx(w e Xy ) X (1A a.2)

Although it appears far messier to calculate this than to invert v + X w X directly, in practice
this is the easier calculation, because the dimension of w is small (~ 10's ) while the dimension

‘of v can be very large (~1000's ). Substituting Eq. (IIAla.2) into (TIA1.11) or (IIA.13) gives

O =GVv'GM-Gv'X(wl+Xv'1X)Xx'vIGM , (IA1 a.3)
which is then used directly to calculate M’ and P’ in Egs. (IIA.11) and (IITA.12).

In SAMMY, implicit data covariance matrices can be used for norrnalizatioh and
background correction factors. Please see Section VI.C.3 for details.
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N - ILA2 Iteration Scheme

The linearity hypothesis, i.e., the assumption that the Taylor expansion of the theoretical
values around the prior expectation value truncates after the linear term, is in general only
approximately true. Therefore, the parameter values P resulting from application of Bayes’
equations are also only approximately correct. To obtain more accurate values, the Taylor
expansion, Eq. (IIA1.4), may be performed not around P but around the new (intermediate)
values P ¥ , where » represents the nth iteration and P 9 - p. That is, we assume

T=T™ g p-p"y . (IIA2.1)

Here the sensitivity matrix G ® and the theoretical values T are evaluatedat P = }; ‘("b) . With
EQ. (I1A2.1) for T, the formula analogous to Eq. (IIA1.7) is

(P_ﬁ(”*l))t M:-—l (P_j)_("*'l)) + Y
- (P_F(”))IM—I (P_P—("))

+(D-TW-GW(P-P) v (D-T?-GW@-P™)) . (ma22)
Setting P equal to P - plr  plnrh) everywhere in the right-hand side of Eq. (IIA2.2) gives
the formula analogous to Eq. (1IIA1.8) with T in that expression replaced by
TW.G®(P-P™Y) and G by G™. The iterative forms of Bayes’ equations follow
immediately.

For the NPV inversion scheme, the equations take the form

pr-ptD) o prgmi (N® 4y )1 (D_T(n)_G(n) (13_13("))) " (I1A2.3)
M-M®D = G (N(")-l—V)—I G™ M , (Il1A2.4)

while M” is defined as
N® = g pyGmt (IIA2.5)
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For the IPQ inversion scheme, the iterative forms of Bayes’ equations are

prl _p M (I+Q™W) 1 Gtiry-l (D_j?(")_G(n)(f_p(n))> , (I1A2.6)
M(’H]), - M(1+Q(”))‘l s (HA27)
where O () is given by

0M = GWiy-lgm pr | (I1A2.8)

For the MPW inversion scheme, the iterative forms are

PUD B D) Gyt (p-T™ -G P-P"y) (I1A2.9)

with
M) - (M'l_,.W(n))‘l , (IIA2.10)

and
we = gmepy-t gy (I1A2.11)
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ILB IMPLEMENTATION OF BAY/ES’”EQUATI’ONS

SAMMY’s method of solution of Bayes’ equations for NPV inversion scheme is
described in Sect. ILB.1, and the solution for the IPQ scheme in Sect. IL.B.2. The MPW solution
method is discussed in Sect. ILB.3.

See Section ILC for a description of the various types of parameters which can be
adjusted (varied, fitted via Bayes’ equations) to fit the experimental data.
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- IL.B.1 Solvmg Bayes equatxons (N+ V ) mversmn scheme

SAMMY uses an early version of the code BAYES [NL82] to solve Bayes’ equations in
the (N + V) inversion scheme In matrix notation, the non-iterative form of Bayes equations
can be written

P'-P = MGY(N+V)Y'(D-T) , (IIB1.1)
and ’
M = M-MG'(N-V)'GM , (IIB1.2)
where N is given by
N =GMG' . (1IB1.3)

Solving these equations is equivalent to solving
AX =Y (IIB1.4)

K + 1 times (where X is the number of parameters for the problem), with 4 the L x L symmetric
matrix N + V (where L is the number of data points), and ¥ a column matrix equalto (D -T)
in Eq. (IIB1.1) or equal to each of the K columns of the rectangular matrix GM in Eq. (IIB1.2).

The inverse of matrix 4 is not evaluated directly. Rather, 4 is first factorized as
4 =UBU' (IIB1.5)

where B is a block-diagonal matrix, and U is the product of elementary unit triangular and
permutation matrices, so that inverses of U and B are immediately available. The solution X to
Eq. (IIBl .4) is then found from

X=(UYWB'U'Y . (IIB1.6)

In SAMMY, the factorization of Eq. (IIB1.5) is performed by the LINPACK [JD79] subroutine
SSPCO, and the (X + 1) solutions are obtained by LINPACK subroutine SSPSL (with the
author’s updates for double precision). Subroutine NEWPAR oversees these operations.

It is necessary to modify this procedure slightly to account for the approximations built
into Bayes’ equations. As explained in Sec. IIA.2, an iteration scheme has been derived to
correct for the non-linear relationship between parameters and theoretical values. The default
in SAMMY is to preform two iterations, since (1) further iteration is expected to increase
precision but not accuracy, and (2) test cases have shown this to yield consistent results. To
reassure himself/herself that this is appropriate, the interested reader may refer to Example 4 of
the original SAMMY manual [NL80], or make his/her own tests on his/her own data. Table
VIA.1, Card Set 2, indicates the relevant Parameter (ITMAX) to use. Note that & iterations
(ITMAX = k) will yield the solution set P and M ‘¥)from Eqs. (IIA2.3) and (ITA2.4).
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Note to users of very early SAMMY version: The meaning of ITMAX has been changed
from that in use prior to April 1984, and now corresponds exactly to the number of times that
Bayes’ equations are to be solved. Cavaet: The default value is ITMAX = 2; hence, putting zero
(or blank) into column 50 of Card Set 2 of the INPut file will give ITMAX =2, not ITMAX =
0. To obtain zero iterations (i.e., to evaluate the cross section but not update the parameter
values), the user must specify “DO NOT SOLVE BAYES Equations” in the INPut file.
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~ scheme can be written

IL.B.2 Solving Bayes’ equations: (I+ Q) inversion scheme

In matrix form, the non-iterative form of Bayes’ equations for the (I + Q) inversion

PP = M(I+0)'G'V (D-T) , B2
and
M = M(I+Q) , (IIB2.2)
where Q is given by
0 =G V'GM . (1IB2.3)

Note that, although Q (and thus 7+ Q) is not symmetric, nevertheless M’ is symmetric. This can
be shown by noting that

M = MJ+Q)' = M(M+MG'V'GM)'M (I1B2.4)
provided that M ~'exists. In the form of Eq. (IIB2.4), M’ is clearly symmetric.

The inversion of (I + Q) is found by using NAG [NAG] routine FO1AAF. When M
is needed (i.e., for the final iteration), Eq. (IIB2.2) is solved first and the array M’ used in Eq.
(IIB2.1) to find P’. When M’ is not needed, the quantity (I+Q) 'G'V1 (D-T) is first
generated and then the multiplication by M is performed. Fewer computer operations and thus
faster run time result from performing the multiplications in this order.

As with the ( N + V) inversion scheme, two iterations is the default in SAMMY.

The user has the option to choose which inversion scheme to use, or SAMMY can make
the choice automatically. Generally, the (N + V) inversion scheme should be used unless the
number of parameters is considerably smaller than the number of data points. If the data
covariance matrix V is neither diagonal nor separable (see Sect. IL.A.1.a), then the (N + V)
inversion scheme must be used. When SAMMY is left to choose automatically, its choice will
be the (N + V) inversion scheme unless both (1) V'is diagonal or implicit, and (2) less array
storage space is required for the (1+ Q) scheme.
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.B3 Solvmg Bayes equatlons ( M + W ) inversion scheme

The non-iterative form of Bayes equauons for the ( M + W ) 1nver51on scheme can be
written

P-P=MY, (1IB3.1)
with Y defined as _ : : |
Y=G'Vv'(D-T) , (IIB3.2)
and
M = (M ‘'sw) !, (IIB3.3)
where W is given by : .
W =G'V'G . - (11B3.4)

The inverse of M is relatively easy to obtain. Initially M is generally diagonal, so the
inverse is trivial. After the initial step, M-is no longer diagonal but the inverse is already known
from Eq. (IB3.3) at the previous step.

The solution of Egs. (IIIB3.1 through .4) is found from LINPACK [JD79] routines, in
the same manner as the solution is found for the (N + V') inversion scheme, =

-~ The ( M+ W )i inversion scheme is available for use in Version MS ofthe SAMMY code
only for specific applications (although in the future this will hkely be the primary method) For
calculations in the unresolved-resonance region, ( M + W ) is the method used. In the resolved-
resonance region, the ( M + W ) scheme currently may be used in a. hmlted fashion, first

employed a means of retroactively producing an approximate covariance matrix for an existing
set of resonance parameters.

Test case tr82 has an example of the procedure for retroactively producing an
approximate covariance matrix. Essentially, what is done is the following:

(1) Run SAMMY for each independent data set, with the phrase
GENERATE Y AND W MATRICES

included in the INPut file. This causes SAMMY to produce and store the sub-
matrices Y, and W, , defined by

Y, = GV, (D,-T) (IIB3.5)

and _ _
w o= G'v.'G, . (11B3.6)
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in which the subscript / denotes the specific data set.

(2) Once Y, and W, are known for each set of experimental data, they can be summed
over i, giving

Y = Z Y, (1IB3.7)

and _
w = Z w, . (LIB3.8)

These matrices are then used in Bayes’ equations, Eq. (IIB3.1) and Eq. (IIB3.3)
respectively, to solve for updated parameter values and covariance matrix; this
is accomplished by a final SAMMY run in which the INPut file includes the
phrase

READ Y AND W MATRICES

When it is a retroactive covariance matrix that is needed (for example, when covariance
information is needed to augment an existing ENDF evaluation), SAMMY’s output covariance
matrix can be assumed to be associated with the initial parameter values (rather than with the
output parameter values). The user must keep in mind, however, that this is an approximation;
the validity of that approximation should be tested by studying differences between the two sets
of parameter values. In test case tr82, "no Bayes" runs are performed for each of the
experimental data sets, using the output parameter values, for comparison with the cross sections
generated by the initial parameter set.
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IL.C CONSTRUCTING THE PARAMETER SET

Several distinct types of parameters may be varied (i.e., "searched on," in least-squares
jargon) in SAMMY. Input values for all varied parameters ate given in the PARameter file,
Table VIB.1. The different types of parameters are listed below; note that the list is not
necessarily all-inclusive. 4 '

® Resonance energies and widths: that is, the Reich-Moore R-matrix parameters as
described in Sect. ITI.A.1.b (or the Breit- Wigner parameters as discussed in Sect. III.C).
Values for energies and widths are provided via Card Set 1 of Table VIB.1.

e  The matching radii (or channel radii) for the different spin groups and/or potential
scattering vs penetrabilities and shift factors. Values for the matching radii are given
in Card Set 7 of Table VIB.1.

® The seven parameters of the external R-function. These are described in Sect.
III.A.1.a; values are input to the code as shown in Card Set 3 of Table VIB.1.

®  Effective temperature for Doppler broadening, as described in Sect. IV.A.1 and IV.F.
Input is in Card Set 4 of Table VIB.1.

®  Resolution broadening parameters. For the original formulation (Gaussian and/or
exponential) of resolution broadening, Sect. IV.A., input is in Card Set 4 of Table
VIB.1. For the Oak Ridge Resolution Function of Sect. IV.E, input is in Card Set 9.
For the RPI Resolution Function of Sect. IV.G, input is in Card Set 14.

e  Normalization and background functions. See Sect. V.E.1 for description and Card
Sets 6 and 13 for input details.

®  Abundances for the various nuclides. See Card Set 10 of Table VIB.1.
®  Sample thickness n. See Card Set 4.

For each parameter of each type, the user sets a flag which specifies whether that particular
parameter is to be varied. SAMMY counts the number NPAR of varied parameters, and sets up
an array U of dimension NPAR. The initial values P needed in Bayes’ equations (see, e.g., Eq.
(IIA2.3)) are stored in U. These values are not necessarily the same as those input in the
PARameter file, but bear some functional relationship to the input form. For example, U will
equal the reduced width amplitude v, _ rather than the channel width T, _ (see Eq. (IIIA1b.2)).
Details concerning conversion to the "u-parameters" are given in the sections relevant to the
particular parameter.

* Input uncertainties and correlations are likewise converted to represent the uncertainties and
correlations on the u-parameters. Let p, represent a physical parameter as input in the
PARameter file, and let «, be the related u-parameter. Sinceu; = u,(p;) isa precisely-specified
functional relationship, we also know 8 u,/ 8 p,. Therefore, assuming u, is unrelated to other
parameters, a small increment in u, is related to an increment in p, via du, = (Jdu,/9p,) dp;.
This relationship may then be used to convert from the covariance matrix for p to the covariance
matrix for u; i.e. '
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. Ou, du,
M. = <5ui8uj> = a—p<8pi 8pj>5pT- (c.n

i J

where M is the covariance matrix needed for Bayes’ equations, and< & p; Op ;> represents the
"mput" or initial covariance matrix.
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IIL.A.1 Cross Section in Terms of R-Matrix

The angle-integrated cross sectlons from entrance channel ¢ to exit channel ¢’ with total

-angular momentum J is represented by o.,. (The subscripts ¢ and ¢’ represent both the physmal

configuration and the quantum numbers; a detailed descnptlon of the channel, as used in
SAMMY, is given in Subsection IIL.B.1.) This cross section is given in terms of the scattering
matrix Uci as

J

- T J 12
cSCC' - _E gc ISCC’ - ‘

’ _ (IMA1.1)
< .

where £, is the wave number associated with incident channel ¢ (see Subsection II1.B.4) and g,

is the spin statistical factor (see Subsection IIL.B.1). '

The total cross section (sum over all exit channels) may be expressed as

tatu 2 ‘ : |
Gl = nz Z (I-Re(Ucf-)) ’ ‘ (IA1.2)

¢ = incident
channel

in which the spin statistical factor g, is removed from the sum over ¢ and renamed g, since it
depends only on the (conserved) total angular momentum J [and on the spins of the two particles

- in the incident channel]; likewise, the wave number for all incident channels (assummg there are

more than one) is the same.

The elastic (or scattering) cross section is

gele = Z g Zd ( 1 f'2Re(U}i) T Z‘d 1Uullz ) . (IIA1.3)
¢ = incrdent ¢’ = ncident
chunnel channel

Note that the innermost summation includes only those exit channels ¢’ which are also incident
channels. Similarly, the reaction cross section is given by

¢ = incident ¢ = exif
channel  channel

reaction _ Tt
o™ % ;g/ > Z' ’ . (NAL.4)

where the exit channel summation includes all non-elastic channels (fission, inelastic, ...).
Individual reactions (e.g. fission) would be found by 1nclud1ng only the relevant channels in the
sum over ¢ “in (IIIA1.4); the current release of SAMMY requires all exit channels to be included
in the sum in that equation; future releases of SAMMY will permit individual channels.

Because the Reich-Moore approximation treats capture channels differently from particle
channels, the capture cross section must found by subtracting all other cross sections from the

total,
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G Capture _ s total _ Gelastic - reaction , (IIA1.5)
or
G capture T J 2 .
e Z,: - Zd ( - Zy U ) ‘ (IIA1.6)
The absorption cross section is defined as the sum of ¢ and ¥
The scattering matrix U can be written in terms of the matrix W as
Ul=0 w.Q, |, (IA1.7)

where [ represents the orbital angular momentum (see Subsection II.B.1), and Q is given by

Q =e " (LA 1.8)

Expressions for the potential scattering phase shifts ¢, are shown in Table IIA1.1 for non-
Coulomb channels, and in Section IIL.H (page 56u) for Coulomb channels.

The matrix W in Eq. (IIIA1.7) is related to the R-matrix via (in matrix notation with
indices suppressed)

W=pPY2(-RLY' (I-RL") P2 (IIA1.9)
where the quantity L in Eq. (IlIA1 9) is given by
L =(S-B)+iP (IIA1.10)

with P the penetrability, S the shift factor, and B the arbitrary boundary constant at the channel
radius a, (see Table ITIA1.1 for non-Coulomb and Section IIL.H for Coulomb). The quantity /
in Eq. (IITA1.9) represents the identity matrix.

SAMMY uses a modified form of Eq. (IIIA1.9) to evaluate W. Since S, B, and P are all
real, L” may be expressed as L - 2i P, which gives

W = PY2(I-RL)' (J-RL+2iRP) P12
= PY2(I1-RL)"' (I-RL) P™'* + PY2(I-RL)"' 2iRPP 7 (INA1.11)
=]+ PY2(I-RL) ' 2i{~-(I-RL)L "' +L 1} PV2 |

where the quantity in curly brackets is equal to R. Further simplification gives
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Table I11A1.1. Penetrability (penetration fact_or)v P, level shift factor S, and
potential scattering phase shift ¢ for orbital angular momentum /, center of mass
momentum X, and channel radius a,, with p = ka_.

7

l P,
0 »p 0 P
L pr(1+p?) ~1/(1+p%) p-tan'p
2 p/(9+3p7+pY) ~(18+3p%)/(9+3p% +p*) p-tan” [3p/(3-p*)]
/(225 +45p% + -(675+90p% +6p*)/
3 P p pop -tan”! [p(15-p?) /(15 - 6p?
6% +p%) (2254457 +6* + ) p-tan” [p(15-p*)/(15-6p7)]
4 P’ /(11025 +1575p%+  -(44100+4725p%+270p* +10p°)/ p-tan~'[p(105-10p?)/
135p%+10p% +p%) (11025 +1575p%+135p* +10p° +p*) (105-45p% +p*)]
2 2
p° P, p-(1-S,_,) .
! 7/ l 2 2/ : 2 ! ¢,., - tan 1(P/-l/(l'S/—))>
(I-8,..)" + P_, (1=8,.,) + P,
or
B, = (B,_ +X,)
/(1 + B, X))
where B, = tan"'(p-9,)
and X, =(P_)/(I-S,.;)
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W=1-2iPY2L P12 4 2ipl2(J_R[y-1[-1p12

=1 -2iPL + 2iPV2L-l(L-T-Ry 1 -tpl2 (IAL12)

which is the form used directly in SAMMY. If subscripts are reinserted, this expression becomes

W = 8.0 (1-2iP L") + 24 [P L7 [(I-RL) ], L' /B, . (IA1.13)

c

Using these definitions of U and W, the elastic cross section can be written as

elustic
G

e

incc incd

> g X {1 - 200529, Re W~ 2sin2¢, Im W, + ¥ lW;iflz} . (ALI4)
J

Similarly, the reaction cross section becomes

greaction ;Tcz_ ; g Z Z IW‘lLlfz s ‘ (IIIAI.IS)

ince exitd

and the capture cross section is

Gepnre _ f; 2 &Y (1-X% WLE) (AL.16) -

inc ¢ all ¢

Finally, the total cross section may be written as the sum of the others, or

ool - %;7[ XJ: g E {1 ~c0s20Q, Re Wch—sinZ(p, Im WCJC} . (IIA1.17)

These equations can of course be expanded in terms of R using the formulae on page 28.
The matrix R can, in turn, be expanded in terms of resonances (levels) and “external” functions.
Within SAMMY, there are two formulations for the Reich-Moore approximation to the R-
matrix; the first is discussed in Section IILA.1.b on page 33 and the second in Section II.D on
page 56g. In addition, the user may wish to include a logarithmic approximation to the external
R-matrix; that is described in Section IIL.A.1.a on page 31.
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IMI.A.1.a_Logarithmic parameterization of external R-function =

The "external R-function" is one particular approximation for the contribution to the R-
matrix within a specified region of energy, intended to mimic the effect of those resonances or
bound states external to that region. (Another, more commonly used, approximation is the
inclusion of "dummy" resonances whose positions are external to the energy region of interest.
SAMMY users should be aware that the use of dummy resonances is the only option permitted
by ENDF formats.)

The logarithmic parameterization as implemented in SAMMY is as follows:

o — u down
Rc t(E) = Rcon,c * Rlin,cE M Rq,CEZ - sli"’c(ECp—Ecov )
E¥_E : (IlIAla.1)
¢
- (Sgon,c+slin,c) lnl E_Edown } ’
¢

Any or all of the seven free parameters may be varied during a SAMMY analysis (see Table
VLB.1, Card Set 3, and alternative to Card Set 3). Note that R®" is strictly real in this
parameterization. )

The u-parameters (that is, the parameters on which Bayes’ equations will operate; see
Sect. II.C) associated with the external R-function are given by

u(E down ) = E down

c <

u(Ecup) = E:p
U(Rigr,c) = Regn,c

u(E[in.c) = Eh‘n,c

u(R )= R,

U(S0n.c) = Scomc

U(Sppe) = Spne - (1l1Al2.2)
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Ia

- IILA2.a Derivatives with respect to R-matrix parameters

ot oy kel et ¥

For resonance and R*” parameters, the derivative of the cross section may be written as

2o E aRw Wy OUp: do
i, Oup R, ow, auU,, © o (llIA2a.1)
WLT

where the index J has been suppressed, since it is fixed for a given . The restricted sums ( i
<V, ® < 1) result from the symmetry of R and /. Each term in this expression will be evaluated
separately, starting with the right-most term.

The derivatives of cross section with respect to the real part of U can be expresses as

do  _ dc U . dc oU" _ oo N dc  _ 2Re[§—g] (1I1A222)
syr oU gur aU* gur oU aU” 0 T '

where the asterisk implies complex conjugate, and U and U’ are treated as independent entities.
Similarly the derivative with respect to the imaginary part of Uis given by

g _ 9o QU _ 8o 38U _ ,8s _, 3o
Ut U Ut U™ aU! oU  aU”

- 2 Im[é@%] . (IA2a3)

Values for the partial derivative of with respect to U are found from Egs. (IIIA1.2 through
IIIA1.5), which give

do total g

=--2&5 5 :
U 2 Jor (11A2a.4)
a Geldstic ng .
= -== (8,.-Uy) (111A2a.5)
U, k? ’

reaction
J o

7T *
—_ =8y, (I11A22.6)
9U,. K
and
ascapture ng "
°° = -Z=2 0y, . . (ll1A22.7)
U, K
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Derivatives of a complex variable (such as U') with respect to another complex variable
(such as ) may be generated directly, without separately considering the real and imaginary
parts of each variable; this is demonstrated explicitly in Sect. IIl.B.5. Here, we make use of this
result to evaluated oU /oW and oW /R :

Derivatives of U,,, with respect to ¥, are formed directly from Eq. (IIIA1.7), which may
be expressed as

U,=Q W, Q ~ (IA2a8)
so that

oU,, _ o o 0

57, o (I1A22.9)

.

Derivatives of /¥ with respect to R are formed from Eq. (IIIA1.12), which we rewrite as

Woe = 84(1-2iP, L") + 24P L)' ¥, L7 /P, (l1A22.10)

«T

where we have set _
| Y =[(L'1-R)“‘] . (l1A2a.11)

In [NL80, Appendix A], we show that the derivative of ¥ with respect to R is given by

3y, '
2 YT T X (158, (I1A2a.12)
uv .

Substitution of this expression into the derivative of Eq. (I1lA2a.10) gives

a W(,o'r . -1 ) | -1
7 2i /P, L, [ymp Yo+ Y, %, (1-8,) J L \/P, (Il1A2a.13)

Derivatives of R with respect to # depend upon which particular u-parameter is being
considered. Parameters of the external R-matrix, resonance parameters, and channel width are
described in the next three subsections.
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II.A.2.a.ii Resonance parameters
From Eq. (II1A1b.1), the derivative of R with respect to thé reSohaﬁce il-paraméters can
be found as ‘ -

3 Re[R,,] o {-(E ~EY* + ()%}
__a_\/_j_ExL_ - [2«{lpyxv,/Ex][ : o7 : (IIA2aii.1)
5 Im[R_,] | {-(E,-E)q .
_ﬁ_:_. = [-4v,mE | { *sz % ) } , (I11A2aii 2)

o Re[R,] y
e P (47,1, ] [ o7 , (IITA22ii 3)
3 Im[R,,] [{(%-E)z - (03} }
—_— = 29, Y O s (I11A2aii.4)
RS [ . X], D}
8 Re[R,,] { (E,-E) ] |
! L [y (e | |, (11A2aii.5)
. a'y)‘u l: A 3] jl D}»
- and
o Im[R [ o
mR,,1 _ [YM(“%)] lf}_} , (IT1A24i.6)
where
D, = (E,-E) + q . (I11A22ii.7)

In each of these equations, the first square bracket contains an energy-independent factor;

in the code SAMMY, this factor is evaluated outside the energy-loop in subroutine BABB and

is stored as BR(i,pv) for the derivative of the real part of R, with respect to the i™ parameter, and
BI(i,uv) for the derivative of the imaginary part of R ,. The quantity in the second square bracket
is energy-dependent but channel-independent. Therefore, it must be generated for each energy
and is temporarily stored as UPR(i) and UPI(j) in subroutine ABPART.
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To avoid problems arising from the computer’s limited precision, and to minimize
computing time, partial derivatives for non-s-wave resonances are truncated to zero far away
from the resonance. The working definition of "far away" is 20 times the sum of the partial
widths for that resonance, plus 3 times the sum of the Doppler and resolution-broadening widths,
i.e. far beyond the region where a resonance can produce any noticeable effect. That is, the
derivative of the cross section at eriergy E is set to zero for resonance level A, if

| E-E,| > 20 [Z I +1ﬂ +3(d+r)  (IIA22ii.8)

for resonances with ¢ > 0, where d represents the Doppler and r the resolution width. Moreover,
the contribution to the imaginary part of R is set to zero whenever the distance from level A is
greater than 100 times that specified in Eq. (IlTA2aii.8). (The contribution to the real part of R
is never assumed negligible.)

For s-wave resonances ({ = 0), the user has the option of setting derivatives equal to zero

beyond a certain distance, where the distance is twice that specified for non-s-waves. (See Table
VIA.2 for details on invoking this option.)
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¢~ TILA2b Derivatives with respect to matching radius
Derivativés with respect to matching radius a fequire modification of the procedure
outlined in Sect. IILA.2.a, since phase shifts ¢ and penetrabilities P also depend on matching

radius. All dependence on g is via p, where
p=ka , (IIIA2b.1)
and k is described in Sect. IILB.4. Thus, we may write
do dp Jc :
906 .00 9P - 2% |
34 3p 3a 3p (IIIA2b.2)
Our problem therefore reduces to finding do/dp.

The derivative of the cross section with respect to p may be formed from Eq. (IIIA1.1),

ao’ .. duU” . couU’ .
= = _n' gcJ (8(:(:' - UJcc') — (800' - UJ*cc') .
Pk ap ap '
- (IITA2b.3)
dRe(U” . auU”’ .
_2m |y OReWUi) Re( U e ) .
op dp

From the definitions of Q and o, Eqs; (IIIA1.7, .8), the partial of U with respect to p may be

written as
U’ . 3 oW, 99,

“oo= 2% U‘Icc' + QI P = Q/' - incc' a(pl (IIIA2b4)

Y

-] —

dp - op p

so that Eq. (IIIA2b.3) can be written

o¢’,. a ow’
“ = _-—2":gCJ {8“. Re( —21’———8(::’ u’, + Qf———ap“')

2
¢

J

ap k
ach' ]
,+Q, Ql’ } 5
ap J

aclcc' 2 J 2 . aWJcc
= Z2g; Re{&c‘,.Q, (—21.— )
ap K dp ap
: . (IIIA2b.6)
. J
(]l ) )
o ap ap (44 ap
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Derivatives of hard sphere phase shifts ¢ are formed by direct differentiation of the
formulae in Table IIIA1.1 for non-Coulomb and of the equations in Section II1.H for Coulomb.

The ’derivatives of W are formed from Eq. (IIIA1.12):

ow’,. . . 9P, . 2 (98, 9P
=-2i8,. L —L + 2i8_.P L (-—_ )
ap ap ¢ op ap
9P, 1 -l
+2i — —— L (LT =R, L P
ap 2./,
3s, or
+ 21‘\/17, (—L,‘Z)( > ’+;5~') [(L'-Rr)y', L [ﬁ
P 25, ar (IIIA2b.7)
o 20P L] YL -RYM, (L'z)( i?pﬁ)ﬁ, :
3P,
«2i B L7 @R L) —r
PP LT I( ) e Ly 2J—-ap
. ) ) i o (3S. 8P\ .
"2i 3 P L7 1-R>‘L.L.~Lr‘[ 5 —a—;) L LR 1P
This expression can be greatly simplified by setting
X =P L 1@ =R L P - PLT S, (II1A2b.8)
which gives
J
aW"“'=+i§f2_1_ + iX”__l_fi’.'
dp dp P, “ P, 3p
’ (Il1IA2b.9)
., (8S. 3P,
+2i Y X ,‘( .y ')X
I ap ap

Derivatives of penetrabilities P, and shift factors S, are found by direct differentiation of the
formulae in Table IIIA1.1 for non-Coulomb and Section IILLH for Coulomb. Derivatives of the
cross sections with respect to p are then found by substltutmg results from Eq. (IIIA2b 9) into
Eq. (IITA2b.6).

Prior to Release M5 of the code (Revision 5 of this users’ guide), SAMMY did not have
a reasonable treatment of non-varied neutron widths I', when the corresponding radius was
varied. Originally, it was the reduced width amplitude y, which was held fixed; hence, treating
the radius asa search parameter resulted in changes in the unvaried neutron widths I', (as printed
in the output PARameter file, e.g.). Release M2 (and M2a) of the code included an option to
hold the I',’s fixed (i.e., vary the v,’s), but derivatives were not calculated in a totally consistent
fashion. For the current release (M5 and subsequent), unvaried I', are assumed to be constant;
derivatives are (properly) calculated accordingly.
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IIL.B.3 Evaluation of Hard-Sphere Phase Shift

Formulae for the hard-sphere phase shift (otherwise known as the potential scattering phase
shift) are given in Table IIIA.1 for non-Coulomb interactions. What is actually needed in
SAMMY is not, however, the phase shifts ¢ themselves, but rather cos(2¢) and sin(2¢). Since
evaluation of ¢ requires the inverse tangent function, results for cos(2¢) and sin(2¢) are more
readily generated with fewer computer roundoff errors by using trigonometric relationships to
generate formulae for cos(2¢) and sin(2¢) directly. 4

Note from the table that, for all /, ¢ may be written in the form
o =A4-X o (11IB3.1)

where
X =tan'B . (I11B3.2)

From Eq. (IIIB3.1) with elementax_'y trigonometric relationships we find
cos® = cosA cosX + sind sinX (IIIB3.3)
and
_ sing = ;cosA sinX + sind cosX . (1IIB3.4)

Thus, cos(2¢) becomes

cos(2¢) = 2cos?@ - 1 = 2cos’4 cos’X (1 +tand tanX)? -
) . | (TB3.5)
- 2954 (1, Btand)? -
1+B?
Similarly, sin(2¢) can be written
sin(29) = 2cos¢sing = 2cos’4 cos’X (1+tand tanX) (-tanX +tand )
(IIB3.6)
-2 °°S; (1+Btand) (-B +tand)
1+

Equations (IIIB3.5) and (IIIB3.6) are the form used in SAMMY to evaluate the hard-sphere
phase shift terms.
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- IIL.B4 Momentum in the Center of Mass System

The center-of-mass (com) momentum & needed in the formulae for Cross SCCthl‘lS (see Sect
III.A) may be found in terms of laboratory energy E by utilizing conservation of energy and
momentum. Let p represent the momentum of the incident particle in the laboratory. Then the
laboratory kinetic energy E is given by

E=p?2m, , (IIB4.1)

or
p =42 m, E (I11B4.2)
Where m, 1S the mass of the 1nc1dent partlcle If kisthe neutron momentum (or, equlvalently, the

momentum of the sample nuclide, whose mass is ;) in the center of mass system, then the
energy in the com is :

E. om = k/12m + k*/2m, . (111B4.3)
The energy of the com 1s gi{len by
E¢oom = P2/ 2(m+my) . (111B4.4)

Equating the sum of Egs. (II1B4.3) and (I1IB4.4) to (II[B4.1), and substituting (I1IB4.2), we
find
k2 k2 2myE

which reduces to

—_ — et ——— E s
R R (TITB4.6)
or
k< = 2}7‘22 _ F . (111B4.7)
(m1+m2)2 .

This expression can be used to write Eq. (IIIB4.3), the energy in the com, in terms of the

laboratory energy, as

2m m? 2m m2 m, E
Fpem = —2 £ A E . A (IB4.3)
(m]+m2)2 2mZ (m1+m2)2 2ml (m1+m2)

The quantity k given in Eq. (IIIB4.7) corresponds to com incident momentum, required for
the cross section formulae of Section IIl. The com momenta for other (non-incident) channels
is also required, for use in the formulae for penetrabilities and shift factors. These momenta are
found in similar fashlon usmg conservatmn of energy and momentum. Let &’ represent the
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momentum for a channel whose two masses are also denoted by primes. Then, in terms of
primed quantities, the energy in the com is given by

Ein com - klz/zmll * k2/2m/2 * Qin com 2 (HIB49)

where Q is the threshold energy in the com system. Solving this equation for &' gives

L LT |
(m/1+m:2) incom in com ’ (IHB410)

Combining this formula with Equation (IIIB4.8) gives £’ in terms of the laboratory energy E,

2m' m’ m (m,+m,)
B2 = 17 ] ( _mrmy) o )
(m11+m12) (m1+m2) ml mn Con.l (IIIB41].)
Alternatively, if the laboratory O-value is given, then
2 = 2m'ym', m, ( E-0 ' )
- (mll + mlz ) (n,l1 +m2 ) = in lab : (IIIB4.12)

Note that in the SAMMY input, the user can specify the Q-value either in the laboratory
system (as in Eq. (IIIB4.12)) or in the center-of-mass system (as in Eq. (I1B4.11)); SAMMY will
make the appropriate conversions. The default is laboratory. Users who wish to override the
default (or who wish to keep a reminder handy) should include (in the INPut file) the phrase
“LAB ' NON-COULOMB EXCITATION ENERGIES” or “CM NON-COULOMB
EXCITATION ENERGIES” as needed for the non-Coulomb case, and “LAB COULOMB
EXCITATION ENERGIES” or “CM COULOMB EXCITATION ENERGIES” for use with
charged particle channels.

Within SAMMY, the conversion factors from laboratory energy to com momenta are
calculated in subroutine fixrad in segment/subdirectory “old” (and also used in segment “new”),
and stored in an array “zke” which must then be multiplied by the square root of the energy
‘(minus the adjusted Q factor) to give k or &’. Appropriate numerical constants are included to
facilitate conversion from units of eV (for energy) to inverse Fermi (for momentum). Values for
constants are described in Appendix E of this report.
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IILB.5 Derivative of One Complex Variable with Respect to Another

Given any two complex variables 4 = A" +id4’ and B = B"+ iB’, where 4 is an
analytical function of B, then the derivative of the components of 4 with respect to the

components of B may be expressed as follows:

0A” _ pe 34 _p 94 9B _p 04
oB” 3B” 0B 9B’ oB
aA'r. =Re—q-i =Re§—‘i J?_Ii =Re§£(f) = -.]mg_‘i :
0B’ 8B’ 0B gB’ 0B oB
_8A"_I dA4 0d OB 04
= [m = Im — =Im —= ;
0B’ 0B 0B 3B” 0B
and '
aA:]maAzlm_a_‘/i_a_E.z m%(z):Re%
8B 8B’ 0B 3B JB 0B
- Also, the usual chain rule applies:
04" _ 04" JB” . 0A" OB'
oC”’ O0B" oC” 0B 3C’
‘{Re%HRe@'}*['Im%HImQ} _ Re[%.@ﬁ
oBlL oCl oB oC 0B oC
94" _ 94’ 3BT , 34" 3B’
3C’ 8B” aC' 8B' aC’
= [Reg_éj\[—[m_a_ﬁ}+{—]m_aﬁ.}[]ae§§:\ = —]m[%.a_B_
0B L oC 0B oC 0B oC
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04’ _ o4' 9B 34’ 3B! N
aC” dB" 8C" 3B’ aC’

g2t ) - g 2]

0B oC OB oC 0B aC (IIB5.7)

and ‘ '
04" - aA"aB'+aA"aB"
aC"! dB" 8C*' QB! 3C!

[mig]lmge] ez - oz 2]
0B aC 0B aC 0B aC (II1B5.8)
N
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_ ILD. ALTERNATIVE FORMULATION OF REICH-MOORE MULTILEVEL R-

... MATRIX THEORY

While the equations given in Section IILA.1 for the Reich-Moore approximation to

- multilevel R-matrix theory are correct, they may not be optimal for computer calculations. In

particular, the calculation of the absorption or capture cross section at very low energies involves
computation of a quantity having the form 1 - (1 - €), where g is small. This may result in large
random fluctuations, the familiar “small difference of large numbers” problem. To circumvent

this difficulty, the Reich-Moore equations have been programmed in an alternative manner:

Starting from Eq. (ITA1.12), the matrix # can be expressed in the form
W=I1-20P L (L'-RYNL-R) + 28 P2 L7 (L7'-R)' LT P2, (HLD.D)

which reduces to
w=1+2PR2LYL-R)Y'RP" | (1IL.D.2)

or, explicitly displaying the subscripts,
ce

W = 6cc" * 2viP11/2 Ll—1 Z [(L —]—R)_l]cc’ ‘Rc’c'})lv2 . (IIL.D.3)

If we define a matrix X such that
w=1+2iX , . (IlID.4)

then X is given by
12 ;-1 - - )

' X, =P "L X IR - R P (IILD.5)
[+ .

The absorption cross section can then be expressed in terms of X as

4

Gaésorption(E) = _k__nz_ XJ: g E [l —Z l(l+2ZX)cc \2} s (HID6)

where ¢ and ¢’ are incident channels only. Letting X" be the real part and X’ the imaginary part -
of X, this expresion becomes :

<Sabsorption(l,:‘) - ;75_2_ ; g, Z [1 -(1’— 4)_(;C + E {4X;C.2+4ch»2} )} >  (IIL.D.7)
or

Gabsorption (E) = %7_;_ ; g, Z {chc - E {Xcic'z"'XCrc'z}:l . (I11.D.8)

c
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Other cross sections (total, fission, elastic, etc.) can similarly be expressed in terms of matrix -
X. The fission (reaction) cross section becomes

reaction 4 | i r
cTHN(E) = 75 XJ: g Y X X exly o, ~ (ILD.9)

inc ¢ exit ¢’

where the sums are over incident and exit channels, respectively. The capture cross section is

> [Xcic - {Xcic'z‘ch'c-z}J : (IILD.10)

inc ¢ all ¢’

capture 4
o (E) = Z N g,
k< 7

The elastic cross section is given by

elastic 4 : i
o (E) = 2N g, ¥ [sinte (1-2x))
ko e (ILD.11)

r . i 2 r 2
- XCCSIH(Z(PI) + E {ch’ +ch’ }]

inc ¢’

Finally the total cross section is the sum of all others, and can be written

ota. 4 1 : i roo. )
I (E) = kiz‘ 2e X [ = sin® g, + X,.cos(20) - X[,sin(20)| . up.12)

inc ¢

This formulation of the Reich-Moore equations has been implemented in segment XCT of
the code SAMMY, and is now the default for all calculations. To override this default (i.e., to
use the original formulation of the Reich-Moore equations), include the following card in the
INPut file (See Table VIA.2):

ORIGINAL REICH-MOORE FORMULATION IS WANTED

Use of this (original) formulation is not permitted for certain types of data (e.g., differential
elastic scattering, or capture yields with multiple-scattering corrections), and is discouraged in
all cases. -

Finally, note that the implementation of Eq. (II1.D.9) has been generalized for Release M5
of the SAMMY code. Prior to M5, all exit channels were always included in the summation
over exit ¢’ channels, whenever “fission”, “reaction”, or “inelastic” cross sections were specified.
With M5, however, it is now possible to exclude specified channels; details are given with the
spin-group specifications for the INPut file (see parameter IFEXCL on Card 2 of Alternative to
Card Set 10, page 108¢). Thus one can now include, for example, inelastic and fission channels,
and generate the inelastic cross section separately from the fission cross section. See test case
tr93 for examples of this feature. '
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ILF SELF-SHIELDING AND MULTIPLE-SCATTERING CORRECTIONSTO

CAPTURE OR FISSION YIELDS

The theoretical capture or fission cross section may be calculated directly from Eq. (IIIA1.5)
using the Reich-Moore (or other) approximation to the multilevel R-matrix. However, in order

to compare with experiment, corrections must be made for the finite (non-mﬁmtesunal) sizeof

the sample. Both “self-shielding” and “multiple-scattering” effects must be included in the
calculation. [Note: to avoid arduous repetition, for the rest of this section “capture” will be
taken to mean “capture or fission”; the corrections described here apply to both.]

Derivation of the appropriate expressions for self-shielding and multiple-scattering
corrections, and details of the methods of calculation, will be presented in a separate publication
 [NLO1]. Included in that publication will be a description of validity tests of formulae in this
section, and of their implementation within SAMMY, using Monte-Carlo techniques.
Preliminary results of those tests indicate good agreement between Monte-Carlo results and
results obtained via SAMMY.

Self-Shielding

Self- shleldmg is the reduction in the observed capture cross section due to interactions of
incident neutrons with other nuclei in front of the current position. The probability that capture
will occur at depth z (within dz) can be written as

n - 1D :
5 ¢ "H s, dz (IIIF.1)

where 7 is the sample thickness in atoms/barn and D is the sample thickness in the same units
as z. Subscripts ¢ and ¢ denote total and capture cross sections, respectively. Integrating over
z (from 0 to D) gives the self-shielded capture yield

Y, = {1 - e"”"} [ &] ) (IIIF.2)

(See the end of this section for a discussion of the normalization options for capture yields.)

Single-Scattering

The scattering correction is the increase in the observed capture cross section due to capture
of neutrons that have been scattered out of the original beam path. Calculation of the scattering
effect is more complicated than the self-shielding, because it involves the product of (1) the
probability of reaching a position (x,y,z) inside the sample, (2) the probability of scattering from
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that position into solid angle Q within 4 Q, (3) the probability of those scattered nuclei reéching
position ¢ within dg along that direction, and (4) the probability of being captured at that
location. This product is then integrated over the position g, over solid angle, and over the
sample volume, giving the single-scattering result. If the z-axis is defined by the beam line, this
expression can be reduced to the form

dx |dy .d '
Y (E) = f——S—f—%fdz exp(—% o,2) [dQ Eg% o, % [dq ¢xp(-_g s'q) , (F3)

in which primes indiceite evaluation at the scattered energy, rather than at the incident energy of
the neutron. The scattered energy is given by

B g |08 | 1 _ _sin?6 = Ec(9) | (IIIF.4)
(1+7) (1+1/r)2  (1+7)?

where 7 is the ratio of the mass of the target nuclide to the mass of the neutron.

Explicit evaluation of the expression in Eq. (IIIF .3) requires detailed knowledge of the

geometry of the sample and its positioning relative to the neutron beam. - In the case where the
sample is a round disk, with a flat surface perpendicular to the beam, the expression can be
reduced to .

YW(E) =Y ;+ Yy + Yigr * Yigp | (IIIF.5)
where the subscripts “f” and “b” refer to forward and backward scattering, respectively. The
subscript « indicates that this term assumes the sample extends to infinity in the dimensions
perpendicular to the beam; subscript + indicates that this term is the correction for finite size.
(NOTE: Corrections for a rectangular shape, rather than a round disk, will be available in future
releases of the code.)

The “infinite” terms in Eq. (IIIF.4) are one-dimensional integrals,

2 dQ o’ c Gy =~ G/

tot tot

1
G’ _ 5, O, “HG,, _ _-no’,/p
Y, (E) = = fdu 95 2 cop [ e ", ¢ ¢ J . @F6)

0

0
‘ B o c g -— ~n GI()I — _n(Gm/_ c ’/(,, / l»l)
cand Y, (E) = & | ap 99 wp | 1€ e ., (F.7)
' 2 dQ o © St — © tot/M

1 tor tot

in which p=cos(8). The “finite” corrections involve four-dimensional integrals of the form
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Vi (B = | du — —= 0, (1,6,,,0,) (IIF.8)
aQ o',
o - : v :
0
‘o
and chéb(E) - fd“ :—;2- c’“"’ Qb(H,U’m,GI,‘”) ? (IHF9)

1ot
=i

in which the three-dimensional integral Q,is given by

-ng

Q,(n,0,0") = fdz e

, D
'z fsz ¢ -no(D-2)/(Du) _ gwnoliD ) (1IIF.10)

g — -
Qb(l‘:cac') - fdz e : fsz ( g ~no(D-2)/(Dp) _ ,-noliD ) , (IIIF.11)

where L is the actual path length, within the sample, available for travel by the scattered neutron;
note that L is geometry-dependerit. The integration over &S in this expression for O is over the
beam cross section; the integration over z is over the thickness of the sample. SAMMY

: evaluates 0 ona separate gnd and mterpolates to produce the requu'ed values for Eqs (IIIF.7-8).

Values for O are oenerated in advance (m seoment SAMPAR) and stored ina ﬁle named
SAMMY.SSM. This file may be renamed and reused for subsequent runs, so long as the
geometry remains the same. '

Two or More Scatters

Derivation of the effect of two or more scatters followed by capture is accomplished ina
similar manner to the derivation of the single-scattering effect. The exact expression for k
scatters involves (3% +3)embedded integrations; it is therefore necessary to make severe

_approximations in order to derive an expression which can be calculated in a finite amount of

time. The approximation currently employed by SAMMY is borrowed from Moxon [(MM89],
based on a derivation by Case et al. [KC53]; an independent derivation is presented in [NL99a).
The approximation assumes that after two scatterings, neutrons are uniformly distributed both
in direction of motion and in position within the sample. This approximation has the effect of
decoupling 2k of the embedded integrals, so that they can be performed separately from the
others. Quantization of this approximation is achieved by assuming that the escape probability
for a neutron after & scatterings (i.e., at energy £ ) depends only on the energy; specifically, the
escape probability is given by the formula
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09)
m&hu}x 1 +2no,

2n6® (IIIF.12)
o o——
1+Z/R

E®Y = [ 1.
pescape ( ) nc(k) 7 (

where R is the radius of the sample. With this approx1mat10n one can recursively define a
+ function y via

Vi = fdQ,- d;g” (Gc(")”fJf,-) (1 -pescape(E(’")) : (IIF.13)
J

in which the superscript denotes the energy at which the cross section is to be calculated The
initial estimate for a neutron scattered £ times is

dG(k 1)

k

o (1 pem,,e(E "")) : (IF.14)

Yoy = 2m f dp,
This function y can then be used to estimate the capture yield for two or more scatterings,

:
o, q

Y, (E) - .f_d’is_f_d_y 2 [az D% [aQ % y % [dg £ amras)

In this form the multiple-scéttering capture yield has the same mathematical properties as the
single-scattering capture yield of Eq. (IIIF.3). Similar computational techniques can therefore
be used to evaluate both quantities.

Normalization and Input Options

Capture yield data may be normalized in a variety of ways; therefore SAMMY allows the
user to choose which normalization is to be taken. The normalization generally referred to as
capture “yield” is the one shown in the equations in this section; this choice has the property that
values are in the range from 0 to 1. Another commonly used normalization requires dividing by
thickness #; in this case the value approaches the capture cross section in the limit of zero
thickness. Finally, the data may be normalizedas (1 -e "™ ) o,, that is, by multiplying the yield
by the total cross section. To use these options, the user must include the appropriate phrase in
the alphanumeric section of the INPut file:

NORMALIZE AS CROSS Section rather than yield

NORMALIZE AS YIELD Rather than cross section
NORMALIZE AS { 1-E)SIgma.

No default is assumed for normalization; instead, SAMMY requires that one of the above
options be specified by the user.
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- The' default mode in SAMMY is to not include self-shielding and multiple-scattering
corrections; therefore, to invoke these corrections, users will need to include one or more of the
following phrases in their INPut file:

For self-shielding but no multiple-scattering:

USE SELF SHIELDING Only, no scatterlng,or
SELF SEIELD

For self-shielding, single-scattering (with edge-effects correction), and no double-scattering:

USE SINGLE SCATTERINg plus self shielding,or
SINGLE

For seif-shiélding, single-scattering (infinite slab approximation), and no double-scattering:
SINGLE
INFINITE SLAB

For self-shielding, single-scattering (with edge-effects correction), and multiple-scattering:

USE DOUBLE SCATTERINg plus' single scattering,or
DOUBLE

For self-shielding, single-scattering (infinite-slab approximation), and multiple-scattering:
DOUBLE
INFINITE SLAB

When ﬁmte -size corrections (for single-scattering) are wanted, additional input is needed to’
express the geometric properties of the beam and of the sample. These include the dimensions
of the sample, the cross-sectional dimensions of the beam if different from and smaller than the
sample, and integers that determine the accuracy to which the funcnon 0 will be calculated.
Details are given in Table VIA.1, Card Set 11.

Examples using multiple-scattering corrections can be found in test cases tr39,tr52, tr64, and
tr99.
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IILH. COULOMB PENETRABILITIES

‘The penetrabilities P,, shift factors S, and potential scattering phase shifts ¢, defined in
Table ITIA 1.1 apply only to non-Coulomb interactions such as those involving incident neutrons.
Often, however, the two particles in a channel will both have a positive charge; examples are the
exit channels for (n,a) or (n,p) interactions, and the incident channels in the reciprocal
measurements (c,n) and (p,n). In this case the expressions for penetrabilities, shift factors, and
phase shifts must be modified to include the long-range interaction; see, for example, the
discussion of Lane and Thomas [AL58].

An extension for SAMMY to include Coulomb interactions has been developed by R. Sayer
[RS00] (and modified slightly by the SAMMY author), and used first for analysis of '°O data
[LL98, RS00]. FORTRAN routines used for this purpose are a modified version of the routine
COULFG of Barnett [AB82]. ' ‘

Expressions for P,, S, and ¢, for channel ¢ involve a parameter 1, which is defined as

_ 44 e’ p,
2
Wk,

where Z, is the charge number for particle number i in channel ¢. The reduced mass uuis
defined in the usual manner as

n, (TIH.1)

(IIH.2)

where m , is the mass of the ith particle in channel ¢. The ceﬁter-of—mass momentum k, is
defined in the same manner as in Eq. (I11B4.12),

inc
2 _ 2mym, m

= . — (E, — O) - (IH.3)
c _(m1+m2) (mlmc-é-mzmc) lab lab

in which the masses of particles in the incident channel are denoted by a superscript, since they
may be different from the masses in channel c. Alternatively, if the Q-value is given in the
center-of-mass system, this expression takes the form as given in Eq. (11IB4.11),

2 m. m m inc (m inc+m inc)
i L N Y 9 [ — ] Onem ) (IH 4)
(ml + mZ) (mllnc+ mzmc) | mlmc
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Note that in the SAMMY input, the user can specify the Q-value either in the laboratory system
(as in Eq. (IIH.3)) or in the center-of-mass system; SAMMY will make the appropriate
conversions. The default is laboratory. Users who wish to provide com values should include
the phrase “CM COULOMB EXCITATION ENERGIES” as needed. (The reaction Q-value is
input as variable ECHAN in Card Set 9 or Alternative to Card Set 10 as described on pages 108a
and 108f.)

The penetrabilities P,(n, p), shift factors S,(n, p), and phase shifts 9,(n, p) are then
calculated as fu_nctions of F,(n,p) and G,( N, p), the regular and irregular Coulomb wave
functions respectively. The equations are as follows:

p = P S, = p %4 and  cosg, = G (IIH.5)
! 42 4, 3p vy .
where
A2 =FP+ G ad p- ka, (1ITH.6)

the quantity g, is the channel radius.
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IV.A.2.c. Resolution broadening: Convolution of Gaussian and Exponential

Gaussian and exponential resolution broadening may be invoked simultaneously, giving the-
broadened cross section (or transmission) as

. [ -AE
L | il )
AEAG 7T . AE ‘

E-AE
(IVA2¢c.1)

xde' exp{ ——-————(El £ )2} f(E") ,
A%

where the shift AE is introduced in order that the maximum of the APFQ?Fdﬁningﬁmction be
located at E' = E. ‘ « LT T

Rearrangement of the integrands in Eq. (IVA2c.1) and explicit integration over the E°
variable yield

1
fGE(E) - T

(E’~E+AES)}
E

dE' f(E') expi-
| 5

(IVA2¢.2)

x erfec

24, Ay

A, (E’—E+AES))

Historical Note: this is not the form which is given in the MULTI manual [GA74], but is the
(correct) form that is used in both the MULTI and the SAMMY code.

The energy shift AE is found by settmg g(E") =exp(.) erfc( ) from the integrand of Eq.
(IVA2c.2), and locatmg the value of E__ ' for which g(E ') isa maximum by setting
dg/dE’ = Qatthat value. This value Emax' is then set equal to E, and the resulting equation
solved for AE. Newton’s method is used to find the solution.

Alternatively, one can assume that the energy shift is zero. This requires the inclusion of a
- card in the INPut file reading

DO NOT SHIFT ENERGY for exponential tail on resolution broadening

The lower and upper integration limits in Eq. (IVA2c.2) are truncated to E - 5A; and
max (E+625A,, E+5A.), respectively.
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- IV.B. EVALUATING BROADENING INTEGRALS '

SAMMY’s method of evaluatlng the integrals required in Doppler and resolution

broadening involves several operations for which details are given in the subsequent subsections.
The method was borrowed originally from the MULTI code [GA74] and subsequently modified
as the need arose. Note that in SAMMY, broadening is applied both to the cross sections and
to the derivatives, while in MULTI it was applied only to the cross sections. A summary of the
operations is given here: |

1.

Choose an appropriate “auxiliary energy grid” at which to evaluate the integrands. The
auxiliary grid consists of (a) the original energy grid (i.e., the energies at which experimental
data are given), (b) points below the minimum energy of the experimental data and above
the maximum energy, and (c) additional points sufficient to describe the structure of any
“narrow” resonance. See Sect. IV.B.1 for more details. [Different criteria are required for
Leal-Hwang Doppler broadening; see Sect. IV.A.3.]

Evaluate the theoretical cross section and derivatives thereof for each energy in the auxiliary
grid. ' o

Determine Doppler-broadened cross section and derivatives wherever possible (that is, for
all but the highest and the lowest energies in the auxiliary grid). Generate derivatives with
respect to Doppler temperature.

Transform from Ccross section to transmission as needed; apply transformation to derlvatlves
also. See Sect. V.A. Generate denvatlve w1th respect to thickness.

Apply self-shielding and multiple-scattering corrections as needed, both to cross sections
and to derivatives. See Sect. IILF.

For each energy in the original (experimental) grid, determine the resolution-broadened
cross section (or transmission) and derivatives thereof. Also generate derivatives with
respect to resolution-broadening parameters. '

If needed, transform from transmission back to cross section; transform derivatives also.

Multiply by normalization and add backgrounds, as needed. Generate derivatives with

respect to normalization and background.
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_IV G RPI RESOLUTION BROADENING

Researchers at Rensselaer Polytechnic Institute (RPI) have carefully measured the resolutlon
function associated with the "bounce target" and the transmission detector (Li glass) for the
LINAC at RPI [BM96]. This resolution function may be described by the sum of a chi-squared
function (with six degrees of freedom) plus two exponential terms. The total resolution function
appropriate for data measured on that machine is then the convolution of the target- -detector
resolution function with a Gaussian function representlng the electron burst and a square function
representing the channel width.

Within SAMMY, this resolution function is formed in much the same manner as described
for the realistic resolution function of Section IV E, i.e., the resolution-broadened cross section 6(¢)
may be expressed as

o) = [I(t-1) dt, [L(-1) dn [Ly- ) dt o(r) | (IVG.1)

where I, is our mathematical model for the ith component. This expression may then be
rearranged into the form

o(1) = ff(f-f') o(t)dt” (IVG.2)

where the resolution function I(z-¢ ) is defined as

I(¢t-t") = f]l(t-(l)dtl flz(rl»rz)art2 L(t,-t") . (IVG.3)

Because SAMMY deals with cross sections as functions of energy, rather than time, the
relationship AR
LZ

m— (avaG4)

2.1
2 2

mv=- =

E=1
2

is used to convert from energy to time and v.v. in Eq. (IVG.2), yielding

o(E) = fl'(f(E)-t')G(E'('t'))dt' : (IVG.5)

Inthe following section the component functions /; are described, along with the parameters
for those components. Complete details will be presented in a separate report [NL99c].

Test Case Tr53, Tr54, Tr94, and Tr95 show several examples using the RPI resolution

function, with parameter values suitable both for RPI data and for Geel data. To make plots of
this resolution function and the individual components, see Sectlon VIIIM, page 150z.3.
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IV.G.1 Description of the Components of the RPI Resolution Function =

1. Electron Burst

The electron burst from the RPI linac may be described by a Gaussian function in time, of
the form: - D o

. w -w? '
I = L e (IVGL.1)
V= ‘

where 2/In2 /w = p is the full width at half max of the burst. Nonnalizatibn is unity for this
function. ’ ; e

2. Target plus Detector

The RPI transmission resolution function, which represents the combined components for
the “bounce target” and transmission detector, has been found by RPI researchers [BM96] to be
best described by the sum of a chi-squared function with six degrees of freedom plus two
exponential terms. A similar function (with different values for the parameters) describes the
bounce target plus capture detector. Specifically, this function has the form

L(1) = AO{ .(f-f-)? e TN g g e 4y, ef’*s(’*’“]X(z)} ,  (IVGl2)
21 A v o

in which the function X (¢ )is zero if the quantity within the square brackets (the sum of the
exponential terms) is negative, and unity otherwise. Likewise the +* function is assumed to have
zero value when the exponent is positive (i.e., when 7 + 1 < 0). The value of A,is chosen to
give an overall normalization of unity for this function. Parameters A, 7, and 4, are functions
of energy, the specific forms being

A(E) = Ay + A, In(E) + A, [nE)P + A, E™ (IVG1.3)
for A,
wWE) = rle"zE + r3e"45 + 1, + 1 E7 (IVG1.4)
for 1, and |
A(E) = aje ™ + g™ v ag + a E (IVG1.5)

for A,. All other quantities in Eq. (IVG1.2) are independent of energy.
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Input formats for all parameters are given in Table VIB.1 Card Set 14 starting on page 122s;
note that zero values are assumed to actually be zero and are not replaced by default values. In
Table IVG1.1, default values for the constants from Eq. (IVG1.2) through (IVG1.5) are defined
for transmission and capture measurements; to invoke these defaults, the user must specify “RPI
Transmission resolution function” or “RPI Capture resolution function” on the first line of Card
Set 14. See Test Case TR53 and TR54 for sample input for the RPI resolution function.

Table IVG1.2, provided courtesy of Frank Gunsing of Saclay [FG00], gives values of
parameters that may be suitable for use with data from GELINA. See also Test Case TR94 and
(especially) TR95 for sample input. Note that these values are preliminary; they are reasonable
starting values which should be fine-tuned on measurements of well-known resonances (i.e.
measured many times at different installations). The reader should also be aware that an
extension of the formulae (to include a third exponential term) is planned for the near future; the
extension is expected to improve the description of the resolution function above 1 keV.

3. Time-of-Flight Channel Width

The time-of-flight channel width may be modeled as a rectangular distribution of width
c¢. The time distribution due to the finite channel width is therefore assumed to be:
l/c for -c/2<t<c/2
I 3 o =

(IVG1.6)
0 otherwise |,

where the channel width ¢ may be different for different energy-regions.
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s . TableIVGI.1. Pefa}llt values for parameters for RPI resolution ﬁmétion. ,

et Vamefr e
‘ . -transmission capture’
Parameter name  “RPI Transmission”  “RPI Capture” Units
2 7, 326. 381. ns
3 T, 0.0241 0.0058 per eV
4 1 323. 323. ns
5 Z, 0.029 0.094 per eV
6 s 240. 105. ns
7 T 0. 0. ns
8 ; 0. 0. [dimensionless]
9 A 686.5 686.5 ns
10 A, ~224.9 ~224.9 ns
1 A, 21.04 21.04 ns
12 A, 0. , 0. ns
13 A, 0. 0. [dimensionless]
14 g, ~0.000985 ~0.001106 per ns
15 a, 0.0241 0.0058 pereV
16 a; -0.000626 0.04752 . perns
m : 17 a, 3.531 65.083 per eV
18 as 0.001029° 0.0012064 per ns
19 as 0. 0. : per ns
20 a, 0. 0. [dimensionless]
21 l, 940. 940. ns
22 A, ~65.638 -65.638 ‘[dimensionless]
23 A 0.005 0.005 per ns
24 A, 0.39383 0.39383 [dimensionless]
25 A, ~0.0008 0.0008 per ns
26 c ns

2 Values listed in this column are not necessarily those which are appropriate for the RPI capture resolution
function, which has not yet been fully defined; these values are for illustrative purposes only.
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Table IVG1.2. Parameters suitable for use with experimental data from the Geel Linac.
Values are from preliminary work of F. Gunsing [FG00].

Value for Value for ‘
Parameter name transmission capture Units
1 p=2Jlm2/w ns
2 T, 0.0 0.0 ns
3 T, 0.0 0.0 per eV
4 I, 0.0 0.0 ns
5 T 6.0 0.0 per eV
6 1 0.0 0.0 ns
7 g -353.0185 -11.40¢6 ns
8 T, -0.4307 0.1699 [dimensionless]
9 A, 1.6809 1.7606 ns
10 A, 0.0 0.0 ns
11 A, 0.0 0.0 ns
12 A 472.8168 450.8649 ns
13 A, -0.4952 -0.4992 [dimensionless]
14 a, -0.1062 -0.8104 per ns
15 a 0.0040555 0.00014562 per eV
16 a; 0.0 0.0 per nis
17 a, 0.0 0.0 per eV
18 as 0.1061 0.8102 per ns
19 a 0.00020477 0.0006135 per ns
20 a; 0.7517 0.5348 [dimensionless]
21 t -1.5 -1.5 ns
22 A, 0.00304064 0.0030464 [dimensionless]
23 A 0.002351 0.02351 per ns
24 A, 0.00022682 0.0002682 [dimensionless]
25 A, 0.0069803 0.0069803 per ns
26 c ns
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V. SPECIAL TREATMENTS

This section is our "junk drawer," containing information on a variety of topics which did
not seem to fit well into any particular category. Included here are discussions of SAMMY’s
treatment of transmission data (Section V.A), and of the handling of correlated data sets (Section
V.B). Section V.C describes how SAMMY may be used to average cross sections (both
theoretical and experimental) over an energy range after the analysis is complete, in order to
compare with other experimental data. The means by which one may analyze samples
containing multiple nuclides (mutiple isotopes, chemical compounds, contaminants) are
discussed in Section V.D. Section V.E is devoted to two methods of including data-reduction
parameters within the SAMMY analysis. Maxwellian averages of capture cross sections
(sometimes called "stellar averages") are discussed in Section V.F. Methods for reconstructing
point-wise cross sections without having to specify an energy grid are given in Section V.G.
Paramagnetic cross sections are discussed in Section V.H. Section V.I includes a disccussion
of integral quantmes Frohner’s treatment of the unresolved region, now introduced as a part of
the SAMMY code, is described in Section V.J. A treatment of I-dependent detector efficiencies
is outlined in Section V.K. The treatment of individual reactions types as final states (e.g.,
inelastic separate from (a,n) reactions) is described in Section V.L.
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V.C AVERAGING THE CROSS SECTIONS

Once the SAMMY analysis is completed, the analyst may wish to average the theoretical
curves produced by SAMMY over an energy range (or ranges) in order to more directly compare
his/her results with those from other experiments or analyses. Or s/he may wish to produce
multi-group cross sections plus covariance matrix for use in further calculations.

Two options are available in SAMMY for averaging the cross section. The original
option uses a energy- or time-average; see Sect. V.C.1. The second uses the Bondarenko [IB64]
narrow-resonance scheme; see Sect. V.C.2. In both cases, uncertainties are propagated through
the entire procedure, resulting in correct uncertainties and correlation matrix for the multi-group
cross sections. B
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V.C.1 Energy- or Time-Weighted Averages

The averaged cross section is defined as

Emax
- _ ]. ! ! ! .
== f 6(E') W(E')dE' (VC1.1)

Emin

in which the weight factor W(E") specifies how the averaging is to be performed and in which
the normalization N is given by

Emax :
N = f W(E'YdE' . (VC1.2)

Emin

In practice the integrals in Eqs. (VC1.1) and (VC1.2) are replaced by sums over discrete intervals
of the form

_ 1 Imax :
G == Y o4, (VC1.3)

i =Imin

with NV given by the same formula with the o, term omitted inside the summation. The A, may
have any of several possible values, corresponding to different interpretations of the averaging
process. Two possibilities are available in SAMMY: energy-averaging and time-averaging. In
the first of these, the A, are given by

[E,..- E_.| . (VC1.4)
which is equivalent to assuming the channel end-points are exactly half-way between the
energies specified as channel energy.

The second option for averaging the theoretical curve in SAMMY is to time-average, in

- which case the A, are given by the difference between the time at the end of a channel and the

time at the beginning. This assumes that the specified experimental energies are stated at the
center of the channel, i.e., that the time associated with channel i is

2
;= |m L7 (VCL.5)
T\ 2E |
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and the A, are then given by

[t ] (VCL.6)

DO | e

In both cases described above, corrections are made to ensure that the range included in
the summation does not extend beyond the minimum and maximum energies, which are not
likely to be channel boundaries. Note that neither of these approximations is exactly correct
when compared to the experimental situation, since the end-points of the time-of-flight channels
are estimated based on center-time information. A more correct procedure would be to use the
exact information from the experimental time-of-flight channels; unfortunately such information
is not available to the analysis.

To determine the uncertainties associated with o, we consider a small increment in G,
which can be written as

9% 45
; ou; (VC1.7)
i i} .

auj

-1
55 = —
o NEJ:E

'

where u, are the u-parameters (see Sect. II.C). Squaring this quantity and taking expectation
values gives the variance on ¢ as '

var(G) = <(85)2>

1 do, do, (VC1.8)
—_ E — ~ A A, <Su du.> .
NZXi:;;J" auj ou L uj uj

e

If

Note that the quantity < é u, ) u,. >is just the parameter covariance matrix M, oo which is known
from the earlier analysis. The partial derivatives in Eq. (VC1.8) are readify evaluated within
SAMMY, and the A, are known. Thus, the uncertainty on the average cross section Gmay be
found directly from this equation.

The input needed to use this option is described in Sect. VLE. Exampleé are given in test
cases tr14 and tr75.
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V.C.2 _,Bonda:rgnko-}yei’ghted Averages

The general’ definition of the ﬂux-weighted multigroup cross section is

Eigl Ei{:l
;= ‘fcx(E) O(E) dE f ®(E) dE (VvC2.1)
EFf EF

L4

in which subscript x indicates the particular type of cross section (e.g. capture, fission, total).
[Superscript g on the energy limits is used to. distinguish these energies from the energies £, of
the experimental grid.] The flux ®(E) is the energy-dependent neutron flux. Since this flux s
not known, the Bondarenko narrow-resonance scheme [IB64] is often used. This scheme is
defined as _ A S L S e o o

& E&’

i+] i+l

{ o (E) C(E
- [SBCD 4y | o)
’ L c,(E) + o, fe 6,(E) + 0o,

i i

(VC22)

in which o, is the total cross section, G, is an energy-independent constant, and C(E) is a smooth
. function of energy. Currently in SAMMY, C(E) may be expressed as a piece-wise linear
function of energy; see Section VLE for input options.

The limit in which C is constant and o, is effectively infinite,

) Eii'l Eifl
5, = f 6 (E) dE / f dE , | (VC2.3)
EF EFf

is the form implemented elsewhere (see Section V.C.1) as “energy averages” in SAMMY.

In addition to the calculating the multigroup cross sections, it is also necessary to generate
the associated covariance matrix. This is accomplished by first taking small increments

- do_
85, = 3 a"” du, , : (VC2.4)
K o,

where u represents the resonance parameters. The covariance matrix is then found by taking
expectation values
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% &, 5, %, ,

C..=<80._,80 > = o<y, Su, > —=f ) S
y . 80, LX}; G, Ou S g T b S My M (ve2s)
in which
M, . = <8u, Su,> (VC2.6)

is the (known) covariance matrix for the resonance parameters.

Derivatives of the multigroup cross sections with respect to the resonance parameters are
found using the chain rule, in the usual fashion. Details will be presented elsewhere [NLO1a],
as will details of the implementation of these equations within SAMMY.

Input needed to generate Bondarenko-weighted averages (multigroup cross sections) and
covariance matrix using SAMMY is described in Section VLE of this document. Examples are
given in Test Cases tr83 and tr85; included in these examples are validity tests where the
Bondarenko scheme of Eq. (VC2.2) is used to mimic the energy-average scheme of Section
V.C.1 and Eq. (VC2.3).
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\ | V.E. 1 kExplicit Normalization and/ngag:kground Functions

A constant overall normalization and a variety of different analytical models for
backgrounds may be applied to the theoretical values (cross sections, transmissions, etc.)

~ generated within SAMMY. These corrections are applied to the theory, not to the data.

Normalization is applied first, followed by background corrections, so that the backgrounds are
not multiplied by the normalization.

Let T, represent the uncorrected theoretical value (for cross section, transmission, etc.);
then the corrected value is given by

T(E) =aT/(E) + b(E), (VEL.1)
in which energy dependences have been explicitly displayed.

Input for the normalization g and four specific backgrounds is specified in Card Set 6 of
the PARameter file (page 122c). The four backgrounds are
b,(E) = B, ,
b,(E) = B,/\JE ,
 by(B) = BXE
and b(E) = Byxe 'VE

(VE1.2)

With this format, the user provides one value (which may be zero) for each of the five
background parameters B, through B, It is not possible, however, to give more than one value
for any of the backgrounds; hence one cannot, with this format, specify two exponential decay
rates for the background. ‘

A second, more general, format for background functions is given in Card Set 13 (page
122q). Again, there are four different types of background functions; however, unlike those
given above, any number of each type may be included, so that the “actual” background is the
sum of all such functions. Further, an energy range may be specified for each function. The
functional forms for these backgrounds are, respectively, constant, exponential, power, and
exponential of a logarithmic function. Explicitly,

bl(E) = A s
b2(E) = Ae “Bi >
by(E) = At® (VEL3)

and b4(E) - eA+Bt+C/1n(t) ,

in which the time ¢ is derived from the energy in the usual manner,
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i
;= ”;1; , (VEL.4)

where L is the flight-path length. If the value for L is already given (e.g., for transmission data),
that value can be used here. Otherwise, L can be specified along with the other parameters for
these functions.

, Because any of these parameters (excluding Emin, Emax, and L) can be varied, partial

derivatives of the theoretical values T are required. These derivatives are found directly from
Egs. (VEL.1 through VE1.4) and are not listed explicitly here. Derivatives generated prior to
these corrections (i.e., derivatives with respect to resonance parameters, broadening parameters,
etc.) are also corrected by the normalization factor, as needed.

For examples of the use of normalization and/or background functions, the reader is
referred to the test cases that are distributed with the SAMMY code. Test cases TR32 and TR45
(among others) include normalization and constant background on Card Set 6 of the PARameter
file. Test case TR56 specifically addresses the use of more general background functions
provided in Card Set 13 of the PARameter file.
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VF  STELLAR AVERAGED CAPTURE CROSS SECTIONS

e e e T e

Stellar averaged capture cross sections may be generated for nuclear astrophysics
applications. These are similar to the Maxwellian average used in reactor applications (see Sect.
V.1 on Integral Quantities), but defined in a somewhat different fashion. They are obtained from
the stellar reaction rate formula [KW84}], = wmw oo T

(e(E)VE ) = fwcmpm JE W(E,kT)dE , (VE.1)
0

where W(E,kT) is the Maxwellian weighting factor

e ‘ -E/kT '
W(E,kT) = 2/Ee™ \ (VE.2)

V& (kT )? |
and the capture cross section 6., is generated from the resonance parameters. The integration
is performed numerically in SAMMY, using techniques similar to those described in Section
IV.B for the broadening integrals.

Energies in the above equations are center-of-mass. The cross sections generated from
resonance parameters are, however, expressed in terms of laboratory energy. The conversion
from center-of-mass to laboratory is '

M
E = Eps
m+M

(VE.3)

where m is the mass of the incident neutron and M is the mass of the target nucleus. The
integration variable is changed from E to E,,, before the integral is evaluated.

The numerical integration technique is used to evaluate Eq. (VF.1) instead of the analytical
approximation which may be more familiar to nuclear astrophysicists, because the assumptions
underlying the analytical approximation are not always valid (see below). SAMMY does,
however, calculate and print the approximate value in addition to the numerical result, and
provides a comparison between the two. (In addition to printing these in the LPT file output,
SAMMY also generates an output file SAM16.DAT which ‘contains only the table of stellar-
averages.) ~

The assumptions under which the analytical approximation is derived are the following:
(1) The function e “#/*7 is constant across the width of a resonance. (2) The neutron width I',,
is constant across the width of a resonance. (3) The multilevel Breit-Wigner approximation
provides an adequate description for the cross section. (4) The lower-energy limit may be
extended from 0 to — . Under these assumptions, the Maxwellian average has the approximate
value
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£,

. 713’2( 1)2 - 21,1,
EMNJVE ~ & m+M kT n_AY
(o®)VE ),, m \kT ;e T,

(VE.4)
E

thermal
kT capture ( Ethermal ) ’

where the summation includes only those resonances which have positive energies, and the
“thermal” energy is somewhat arbitrarily taken to be the lowest energy for which the differential
cross sections are calculated. (This is sufficient, since results are the same so long as the energy
is low enough that the energy-dependence is 1/V, i.e., 1/ \/f 2

To generate Maxwellian averages [both the numerically-integrated values of Eq. (VF.1) and
the analytic approximation values of Eq. (VF.4)], include a line in the INPut file specifying one
of the following two statements; note that these are treated identically within SAMMY: -

MAXWELLIAN AVERAGED capture cross sections are wanted
STELLAR AVERAGED CAPture cross sections are wanted

[t is also necessary to provide an additional input file, the MXW file, containing values for the
temperatures at which the calculation is to be performed. See Section VLH, page 130k, for
details; also see Table VID.5 on page 130d for batch input.

There are several options in SAMMY for specifying the energy grid on which the numerical
integration of Eq. (V.F.1) will take place. Because the precision with which the results are
calculated may depend upon the method chosen, the user is encouraged to try different options
to ensure that he is achieving the desired accuracy. The first option is to use an experimental (i.e.
user-provided) grid; a better alternative is to begin with the experimental grid, but also specify

BROADENING IS WANTED

and give values for at least one broadening parameter. (This might be considered the “default,”
since this is what would apply if stellar averages were requested but no other thought was given
to the specifics.) If the Doppler temperature is specified, it is used only to calculate an energy
grid; the cross sections in the Maxwellian average are of course evaluated at zero temperature.

The purpose of specifying that broadening is wanted is to force SAMMY to choose a
sufficiently dense auxiliary grid (see Section IV.B.1) to properly describe the structure in the
cross section, and thus to ensure accurate integration. Additionally the user may wish to request
extra points added between experimental points (see variable NXTRA in Card Set 2 of the INPut
file, Table VIA.1).

Two other options permit SAMMY to choose the energy grid automatically. The ﬁrst uses
the (NJOY) reconstruct option via the command
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s RECONSTRUCT CROSS SEctlon from resonance parameters

(This command can be used only with Reich-Moore approx1mat10n ). The other option (whlch
can be used also with Breit-Wigner) begins with a uniformly-spaced grid, then adds points as
needed to describe the structure. This option is invoked with the command

ARTIFICIAL ENERGY GRid is needed

The number of energy-points in the initial (uniformly spaced) grid is given by variable NEPNTS
on Card Set 2 in the INPut file (Table VIA.1).

In all cases, the user specifies EMIN and EMAX as limits for the differential data. Within
those energy limits, SAMMY will generate the capture cross section on the chosen energy grid
and use those data points for the numerical integration process. External to those limits (i.e.,
below EMIN and above EMAX), SAMMY will extrapolate in an appropriate fashion in order
to reach the integration limits (0 to =). SAMMY will issue warnings if the limits seem too
confining (i.e., if the integrand does not approach zero at high energy).

Estimates of the covariance matnx for the stellar averaged capture cross section may be
found by using default specifications for solvmg Bayes' equations (i.e. by not specifying

DO NOT SCLVE BAYES EQUATIONS

" in the INPut file) and assigning uncertainties (and possibly correlations) to the flagged
parameters. Those uncertainties will then be propagated through the averaging process, and the
covariance matrix for the stellar averaged capture cross section will be generated. Caveat: Only
those uncertainties included, either implicitly or explicitly, on the flagged parameters will
contribute to the uncertainties on the averages. This may result in an underestimation of the
uncertainties on the averages, since not all resonance parameter uncertainties can be included.

Often it is important to include values for the capture cross section at higher energies than
those described by resonance parameters, i.e. in the unresolved resonance region. Currently the
only way to accomplish this within SAMMY is to present this data as an ENDF file, and include
the phrase

ADD CROSS SECTIONS From endf/b file 3

~ in the INPut file. SAMMY will ask for the name of this file immediately following the name of
the MXW file (see Table VID.5 on page 130d). For the numerical integration results, the File-3
values are added directly to the resonance cross section before integration; in this case the
differential data are still extrapolated to zero but the extrapolation beyond EMAX is based on the
File-3 values. For the analytic approximation, the File-3 cross sections are integrated
(numerically) separately and the results reported both separately and summed with the
approximation results.

Test Case 51 (tr51) contains examples of the various options described above.
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- V.G RECONSTRUCTIN G POINT-WISE CROSS SECTIONS

SAMMY has two options for generating point-wise cross sections wrthout requiring the
user to provide an energy grid.

The first method, borrowed almost directly from the nuclear data processing code NJOY
[RM82], uses a convergence algorithm to choose an energy grid sufficiently dense to properly
define total, elastic, and capture cross sections, as well as fission if needed. The output ODF (plot)
file SAMMY.ODF contains energies in Section 1, total cross section in Section 2, elastic cross
section in Section 3, capture cross section in Section 4, and fission cross sections in Sections 5 &
6 if needed; these cross sections are unbroadened (zero temperature) To invoke this option,
include the phrase

RECONSTRUCT CROSS Sections from resonance parameters

in Card Set 3 of the INPut file (see Section VI.A of this report). SAMMY will ask for the data file
name, as always, but a dummy name may be given since that information is never used.

Caveat: The method described above makes use of the Reich-Moore approximation to R~
Matrix theory. Thus it cannot be used with MLBW or SLBW resonance parameters

The second option for generating point-wise cross sections without specifying an energy

_ grid a priori makes use of SAMMY’s ability to choose an auxiliary grid which properly defines

the unbroadened cross section (see Section IV.B.1). The user must provide some kind of a “data
file” but it need not necessarily be appropriate for the nuclide(s) being considered; it is used only
as a starting point for the auxiliary grid. SAMMY first sets up a grid of NEPNTS from EMIN to
EMAX; NEPNTS is specified on Card Set 2 of the INPut file (see Table VIA.1). This grid is
evenly-spaced in velocity-space (i.e. in the square root of energy). SAMMY then chooses

_ additional points for the auxiliary grid as though broadening were to occur.

To invoke this option include the phrases

ARTIFICIAL ENERGY GRid is needed
and
PUT UNBROADENED CROSs sections into odf file

in the INPut file. An output ODF file SAMXAC.ODF contains energies in Section 1 and cross
section in Section 2. Unlike the RECONSTRUCT method of generating an energy grid, this
method evaluates only the one type of cross section specrﬁed in the INPut file. Also unlike the

first method, any of the several R-miatrix approximations may be used, as specified in the INPut
file.

Examples of reconstructing point-wise cross sections using both of these methods can be
found in several Test Cases. See, specifically, tr37 for “pure” reconstruction, and tr42 and tr49
for reconstruction followed by computation of stellar (Maxwellian) averages.
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V.J UNRESOLVED RESONANCE REGION o

As a first step towards expansion into the unresolved resonance region, Frltz Frohner s code
FITACS [FF89] has been obtained and inserted into SAMMY FITACS uses Hauser-Feshbach
theory with width fluctuations. The adjustable parameters : are strength functions, distant-level
parameters, average radiation widths (at E = 0), and average fission widths (at £ = 0). The
energy dependence of the radiation widths is specified via the giant dipole model, of the fission
widths via Hill-Wheeler fission barrier transmission coefficients, and of the mean level spacmg
for s-waves via the Gilbert-Cameron comp031te formula. Mean spacings for /> 0 are given via
Bethe formula. Moldauer's prescription is used for partial cross sections. Details of the theory
are presented in Section V.J.1.

Initially (for release M2 of the code), FITACS was incorporated into SAMMY (as segments
SAMFFF and SAMACS) in a limited fashion only: Internal changes were made, to be consistent
with SAMMY notation and to use dynamic dimensioning of arrays. The M + W version of
Bayes’ method has replaced the fitting procedure used in FITACS. Calculation of penetrabilities
was extended to all / values (FITACS had used only s, p, d, and f-waves). The output included
files from which plots can be made. Results are reported in SAMMY .PAR in the same format
as is used in the input file (as well as in more human-legible fashion in SAMMY.LPT). No other
significant changes were made in the FITACS input, method of calculation, or output. '

For release M5 (and subsequent releases), the following modifications and improvements

have been made:

® Partial derivatives with respect to varied parameters are now calculated exactly rather than
approximately.

® A more efficient integration routine has been written for the Dresner integral.

® It is possible to include (and vary, if desired) a normalization for each data set.

® There is no limit on number or type of experimental data sets. Data may be kept in separate
files rather than appended to the parameter file. '

® The output has been modified to conform more closely to SAMMY conventions.

One additional change is planned for the future: a link between the resolved-resonance
parameters and those for the unresolved region is needed, in order to provide more consistent
evaluated cross sections.

Input for analysis of data in the unresolved-resonance region is described in Section V.J.2.
Note that, for the unresolved-resonance region, the fit to all data sets is performed
simultaneously. This is in contrast to the usual SAMMY treatment for the resolved-resonance

region, for which the fit is sequential (output PARameter and COVariance files from the fit to
one data set are used as input to the fit to another data set).
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V. J.1 Equations for Unresolved Resonance Region

In this section are presented the formulae for cross sections in the unggigivcd-,resonancc» N

S

region, as implemented in SAMMY. The implementation is a modified form of that provided

by Fritz Frohner in his FITACS code [FF89]. (Please note that any mistakes in these formulae
are attributable only to the author of this manual, not to Frohner. The author is indebted to Herve
Derrien for significant contributions both to the development of the code and to the composition
of this section of the manual.)

The average total cross section, for a given spin and parity and incident channel ¢, may be
written according to Hauser-Feshbach theory as

ng,
P2

o

<¢,> = (1-Re<S,>) , (VIL.1)

where, as usual, g, is the spin factor and k, is the center-of-mass momentum. The average
scattering matrix < .S > is given by

O
“2ig, 1-<R,>L,

<S5, >=e = (VIJ1.2)

1-<R,>L, '
and the average Rfmanix can be written in the form , - , , 4
<R,> = R] +ins, , (VI1.3)

with parameters defined as follows:

hard-sphere scattering phase;

~ 8
il i

. distant-level parameter (an input quantity);

v
I

. = pole strength, equal to S_/E /2 k,a, where S, is the strength function (an input
quantity) and a is the R-matrix matching radius (also an input quantity);

L, = (S-B)-iP (See Sect. I.A), with boundary condition B chosen such that S-B=0.

The (non-elastic) partial cross sections are given by Moldauer’s prescription [PMSO], which
may be written in terms of “transmission coefficients” 7, as

» 2 n T T - T -v./2 _sac—sbu
<c,,> = —-ta —"ifdte ST (1+_2_7%) . (VI14)
‘ v
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[A derivation of this expression, including the assumptions under which it is derived, is provided
in Section V.J.1.a.] Here a represents the incident channel and b the exit channel; v, and T,
represent the degrees of freedom (multiplicity) and transmission coefficient respectlvely for
channel ¢. Subscript y refers to photon channels. T is defined as the sum over all channels,

r=37, (VILS)

The transmission coefficient for neutron channels is given by

47tPcsc

Tczl “,<SC>[2 = - . -
¢ 1-<R >L,

. ' - (VI1.6)

where ¢ is an incident channel, P and L are as defined in Section IIL.A, and the other quantities
are given above. For photon and fission channels, the transmission coefficients for spin J are

TY =27t<ry>/DJ and T —27‘£<r >/D . (VI1.7)
in which D, is the mean level spacing for levels with this spin.

The J-dependence of the mean level spacing is set in SAMMY/FITACS via the Bethe
formula [e.g., FF83],

2 2
D(EYY! = (d(E)Y! [__"_J___}_ [__L‘{f_l)__} , 8)
(DABY)! = (d(E)) {exp TG RNy } (VIL8)

where d is independent of J, and o is the spin cutoff parameter. The spin cutoff parameter 1s
related to the level density parameter a and the energy E by the formula

= /4a(E+BE-PE) , (VJ1.9)

in which BE represents the neutron binding energy (an input parameter) and PE the pairing
energy (also an input parameter). The value for a is determined from the input quantity D, which
is the mean level spacing of the / = 0 resonances at E = 0; note that D includes bothJ =7~ i and
J = I+ i, where [ is the spin of the target nucleus and i = % is the spin of the neutron. An
expression for the inverse of D can be found from Eq. (VJ1.8) to be

D= Y (D,(E=0))"
Jwith /=0 .
' VI1.10
= (a’(O)>_I {exp[w} - expl—&}/i)i:l} ;. ( )
2¢? 2 62 |
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this expression is used to determine the value of ¢” and hence of the level density parameter a.

The energy dependence of the mean level spacing is calculated with the Gilbert-Cameron
composite formula [AG65]. Let E representthe excitation energy of the compound nucleus; this
energy is equal to the sum of the incident neutron energy E and the neutron binding energy BE
(which is an input quantity). That is to say, -

E =E+BE . , (VJ1.11)

The energy dependence for low excitation energies (E < E; ), where E,is a matching
energy, is given by the constant-temperature formula

exp(C,/E,-PE ) N [E%—EO( G 3 H

D'« C -
(E,-PE)*? 2 E,-PE E,PE

3

(VI1.12)

In the code, the matching energy E,is set at (5/2 + 150/(N+Z+1)) MeV with (N+Z) being the
mass number for the target nucleus. Values of the constants C, and C; are given by

o 1
C, = \/461 and C, = ——— . J1.13
? > 12/Zagq (VI1.13)

with g defined as
g = (0.608) (0.240) (4 +1)*? (VI1.14)

where 4 = N + Z is the mass number for the target nucleus. .

Athigher energies ( E, > E, ), the energy dependence of the mean level spacing is calculated

via the Fermi-Gas formula

exp|C, /E -PE '
D!« C PG V/E ) . ’ (VI1.15)
. (Ex‘PE)3/2

Note that the two formulae agree at the matching energy (i.e., at E_ = E;).

Radiation widths <I",> are assumed to depend only on parity and on E. The energy
dependence is calculated with the giant dipole resonance model.

Fission widths <T',> may vary with spin as well as parity and incident neutron energy E.
Energy dependence is calculated with the Hill-Wheeler fission barrier tr_apspission_qocfﬁcients ,
[DH53]. For a given J = the energy dependence of the fission widths is taken to be
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1+ exp(EHW/WHW)

<[, (E)> = <I,(0)> : (VI1.16)

1+ exp( -(E-Eg,)/ WHW)

where the Hill-Wheeler threshold energy E,,, and the Hill-Wheeler threshold width Wy are
input quantities. This equation may be written in more “standard” notation as

1 ;exp(zn(Ef—BE)/m)

<I'.(E)> = <I';(0)> , V1117

1+ exp( -2m (Ex-(Ef-BE))/m)

where, as above, E_ is the excitation energy of the neutron and BE is the binding energy. Also,
E, is the fission barrier height, and ho the width of the fission barrier.

Finally, a few words regarding the derivation of Eq. (VJ1.4) are warrented. That derivation
is based on several assumptions: (1) Single-level Breit-Wigner is an adequate description of the
cross section (i.e., resonances are well separated). (2) Widths obey the Porter-Thomas
distribution (chi-squared with one degree of freedom); averages are therefore weighted with this
distribution. (3) The average of products can be written as the product of averages. (4) Channels
with the same transmission coefficients may be combined by introducing multiplicities.

The integral of Eq. (VJ1.4) is described by Fréhner as the “width fluctuation correction or
Dresner factor.” One (relatively modest) difference between SAMMY and the original FITACS
coding is the algorithm for calculating the Dresner integral; in SAMMY, the coding has been
refined to increase both speed and accuracy of calculatlon by using a non-uniform grid designed
specifically for this task.
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'V.J.1.a Derivation of non-elastic average cross section

Derivations shown in this section are based on (1) notes provided by Fritz Frohner [FF99)
and (2) discussions with Herve Derrien [HDO00]. Any errors in these pages are the responsibility
of the SAMMY author alone.

The single-level Breit-Wignér formula for the cross section at energy E, Eq. (IIIC1.5), for the
transition from channel a to channel b (where a # b), takes the form

G, = T8 r)‘”r).“l? —_— ] Vila.l)
ab kaZ . (E‘Ex)z +(r~)\/2)2 ( a.

this expression forms the basis for the calculation of the-average cross section. The
corresponding average cross section in an energy interval containing a large number of
resonances may be written as

nga 'rarb
<o, > = 2 27tpa< T > , (VJ1a.2)

a

where p is the level density, and the brackets refer to averages. (Note that the subscript A has
been dropped for simplicity’s sake.) The calculation of the average quantity

R

rk

is not straightforward, since the known parameters are (T,,)and (T, ) (from the statistical
properties of the resonance parameters). One has to take into account the fluctuations of the
partial widths of the resonances from the chi-squared distribution of the parameters.

(=)
(r,)(r,)
(r)

was proposed by Dresner [FF99]. He suggested making the substitution

I'T I T -
< rb>=<zlf> =<rarb {dq CXP(‘qzrc)> ; (VIla3)

A method of calculating the average

from the known entities

alle
alle
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which follows from the identity

que'qg = éZdye‘y = —2-2—

The product of partial widths in Eq. (VI1a.3) can be rearranged as

<r“r” }dq-eXp(-qZ rc)> =<]dq Fe T, e [ e-ql'c> .
° 0

all¢ c*ua. b

Because the channels @, b, and ¢ are independent, the average of the product is equal to the
product of the averages. Likewise integration over ¢ is independent of the averaging process;
hence Eq. (VJ1a.3) can be rewritten as

) B ) o
/ crab

One assumes the partial widths obey a chi-squared distribution with v degrees of freedom,
which has the form

-1 vi2-1
p(xv)dx = [r(—)} (.Vz_x) e V2 % dx -, (VIla.6)

where I" refers to the Gamma-function. Note that v = 1 corresponds to the Porter-Thomas
distribution for a single neutron channel; v =2 corresponds to two channels. For fission, the
value of v depends on the number of open or partially open fission channels; v, is an input
parameter in SAMMY (and in FITACS). ’ - '

Applying this distribution to the average quantity needed in Eq. (VJ1 a.5),withx = I,/<T,>,
gives '

Yoy 7 Y-
<e"’r"> - =] (1)2 f e T x2 a2 Yogy (Vi1a7)
I'(v/i2) \ 2 2

which can be rewritten into the form

o\ Y v Y
()« iy (e Jero
L(v/2) \ 2 2 c /

1
T(v/2)

_Vv

(1 . Zq<rc>) 2 T(v/2)
A%

v

(1+_2_q<rc>)_2
v

i

(VIla.8)
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, Hence Eq (VJ la. 5) can be expressed as »

> (r (r)qul‘[ 1+_.(r) )”’2""’“‘6’"‘ | H(V/J41’a.9)

B

in which the correspondence of v with channel ¢ is made explicit by the addition of the subscript.
Making a change of variable from g to ¢=<I>g4 gives

rr < > <T.> | <T > -v,12 -8, - 8,
< 4 b>=-_‘i-——”—fdt1'[(1+—2— t) ’ (Vila.10)
r <I> ¢ v <I'> _

The “transmission coefficients” are related to the widths by

T,=2np <[, > (VIla.11)

Note the equality of the level densities, p, =p, = p, = p;, since all refer to the same spin and
parity. Hence Eq. (VJ1a.10) can be rewritten as

r,r,\ T,7, | 2 T, \-f2 b3,
2m a ”> = et fdz (1+——-5t) , VJila.12
‘ p"< r T / I:I v, T : ( )
so that the cross section can be expressed as
27 T, T, T \-vJ2 -8, -8,
<o,> = f" dt 1'[ (1+2-—T-—t) - (VIla.13)
k, p

For photon channels, the limit of non-fluctuating radiation widths, v,_, - « gives

Yy

i) = e T (VIla.14)

N3

lim, . (1+;2—

ki

Therefore our expression for the cross section, Eq. (VJ1a.13), takes the form

27[ TT - T _vclz—sac-sc :
<o,,> = 2 dt e 'T/TH(1+-2—7t) YL (Vilald)

2
ka cey

which is equivalent to Eq. (VJ1.4). QED.
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Evaluation of this expression for the average cross section in SAMMY (and in FITACS)
assumes further simplification: first, we make the change of variable from # tog = ¢ T/T,

oo

. 27 T T T VA2 =8, - B,
<o, > = —8a lals qu e 11 ( 1+_2__eq) " (VIla16)
kaz T_Y 0 CcEy vc T'Y

Second, we then change variable from g to = e to obtain

27n T v, 12 ~8,.-8,,
<o,> = 1 8a Zas fduH (1+—2———flnu) ’ (VIla.17)
k, T, cer Ve Ly
Next, define parameters b, via
2 T,
bC = — . (VJla.lg)
Y
c Ty
and substitute into Eq. (VJ1a.16) to give
1
V12 =8 =8
<6,>="27 Y ¥ v, va,ba,fdu IT ( 1-5,, lnu)
k2 alr o|x 0 a”ey .
= 28 T, 0,
k2 , (Vl1a.19)
where Q is defined as
Q.= Vb, v b, I .
| 2,: 2|: s e e (VI1a.20)
with
1 _
V12 =8 = 8
I, = fdu II (l—ba,, Inu)
o v (VIla2l)

The expression for 7,,. is denoted the “Dresner integral”. Evaluation of this integral is
accomplished in SAMMY by (1) choosing a grid for # in which the spacing between points
increases as the integrand flattens and (2) using a quadratic quadrature scheme. This integration
scheme was tested with a wide range of plausible values for 4’s and v’s, comparing results for
various values of N (where N is the number of points in the u-grid). Results were good to six
digits of accuracy, for all tested values of 5’s and v’s, using as few as 201 points in the grid.
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~ V.J2 Input for Analysis of Data in Unresolved-resonance Region

Two or more input files are required for the use of this option. The first is the SAMMY
INPut file, which contains three lines only: Card Set 1 of Table VIA.1 (the title line), Card Set
2 (nuclide name, atomic weight, and energy range), and (at least) one line for Card Set 3
(alphanumeric information). The alphanumeric line contains the phrase UNRESOLVED
RESONANCE REGION. A second alphanumeric line may be included if desired; this line reads
EXPERIMENTAL DATA ARE IN SEPARATEFILES. . .. . .

The second file may be exactly the same as Frohner’s original FITACS file (which includes
both parameters and data). To inform the code that a parameter is to be varied, FITACS assumes
that, if the uncertainty is given as zero for a given parameter, then that parameter is not varied.
(Hence there is no means of provide a default value for uncertainty). This procedure is in
contrast with the usual SAMMY procedure of assigning a value (generally, 1) to a flag for each
varied parameter. [In the future, the formats for input to the FITACS portion of SAMMY will
perhaps be modified to conform to SAMMY standards.] Currently all numbers, both integer and
real, are specified with F10 formats. See Table VJ.2.1 for the input to this ACS file.

To run this option (using the original FITACS input), the user should specify the two file
names, the INPut file on one line and the ACS file on the next. No other input is required.

SAMMY now permits two types of modifications to the ACS file. First, each data set

- (corresponding to lines 16-21 in Table V.J.2.1) may be kept in a separate file rather than included

as a portion of the ACS file. To use this option, include the line EXPERIMENTAL DATA ARE

IN SEPARATE FILES in the INPut file, and list the files names following the INPut s

file names in the on-screen (or batch) input stream. (Also of course omit lines 16-22 from the
ACS file.)

Secondly, normalizations can now be included (and varied) for each data set. That is, the
theoretical calculation of the cross section is modified by

Theory = nOYrm * G, ..1.oq

- where norm is given by the formula

norm =a + bE®

and a, b, and ¢ are input parameters, specified in the ACS file. Note that one set of values for

a, b,and cis given foreach dataset. ..

Test case tr73 gives sample input and output for use of this option.
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Table VJ2.1. Input for ACS file for treatment of the unresolved resonance region

Line No. - Description

1-4 First four lines are alphanumeric title

S Number of iterations, fitting tolerance (essentially, delta chi-squared). Note that integers
are to be specified as real numbers. All formats are F10

6 Mass in amu, radius in Fermi (or use default), neutron binding energy in MeV, pairing
energy PE in MeV. Again, formats are F10

7.8,...0 Center-of-mass excitation energy, spin, and parity for the »th target level (beginning
with ground state)

9 (Blank)

10 Strength function S,, uncertainty, distant-level parameter R : , uncertainty, radiation
width < I"y> in eV, uncertainty, mean level spacing D in eV for /=0

11 Strength function, uncertainty, distant-level parameter, uncertainty, radiation width in
eV, uncertainty, for /=1

12 Strength function, uncertainty, distant-level parameter, uncertainty, radiation width in
eV, uncertainty, for /=2

13, 14, ...  As above, for higher / values as needed

15 (Blank)

16 . Average fission width <I',> (eV), degree of freedom v, for fission width distribution,
Hill-Wheeler threshold energy £,,,, HW threshold width 7, uncertainty on the
average fission width, for lowest J value.

17,18, ...  Repeat card 16 for each possible value of J.

19 (Blank) '

20 Type of cross-section data (TOTAI, CAPTure, FISSion, or INELastic)

21 Uncertainties are RELAtive or ABSOlute

22, .. Energy, cross section, uncertainty (Note: if RELAtive then need specify only for first
data point, rest are assumed to be the same)

23 (Blank)

24, .. Repeat 18 to 21 as many times as needed, in any order

25 The single word “NORMALIZATION" in all capital letters or all Jower case

26 Type of cross section, normalization parameters g, 4a, b, 45, ¢, 4dc, where the
normalization for this data set is given by norm = a + bE°

27, etc. Repeat once for each data set. Note that normalizations must appear in the same
order in which the data sets appear. SAMMY will check to be sure the data types are
consistent
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V.L INDIVIDUAL REACTIONTYPES . .

Earlier versions of SAMMY permitted users to specify “inelastic”, “fission”, and “reaction”

data, and indeed such data types could be calculated in the code. The tacit assumption, however,
was that the exit channels included only channels which are relevant to the type of data being
used. If, for example, three exit channels were specified as (1) inelastic, (2) first fission channel,
and (3) second fission channel, then any calculation for “inelastic”, “fission”, or “reaction” data
types would automatically include all three exit channels in the final state.

Hence, in earlier versions of SAMMY, true inelastic cross sections (for example) would be

calculated only if all of the following conditions were met:

1.

2.

Either “inelastic”, “fission”, or “reaction” was specified as the data type in the INPut file,
Card Set 8; and
The exit channel description was appropriate for inelastic channels: The INPut file noted that

penetrabilities were to be calculated (LPENT = 1 on Card 2 of “Alternate to Card Set 10”)
and also provided a non-zero value for the excitation energy; and

. No fission channel (or other exit channel) was defined in the INPut file (and PARameter

file). -

Beginning with release M5 of the SAMMY code, it is now possible to include a subset of the

exit channels in the outgoing final state. The third condition in the list above is no longer
necessary, but is replaced by another (less restrictive) condition:

a
.

Exit channels which are not inelastic channels have a flag (“1” in Column 18 of Card 2 of
“Alternate to Card Set 10 of the INPut file) denoting that this channel does not contribute to
the final state.

See test case TR93 for an example which includes two reactions, the first being (n,a) and the

second (n,n’).
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V1. INPUT TO SAMMY

Input to SAMMY consists of three or more files, which may be user-generated or
(sometimes) produced by earlier SAMMY runs. These files are summarized in Table V1.1 and

described in detail in the sections listed. Test case numbers (see kSefc;tV. X1.D) are given for those
files which are infrequently used. ’ ‘ P s

Table VI.1. SAMMY input files

Where details ~ which

Description Contents may be found  test case
Batch file Interactive or batch input to SAMMY; ﬁ‘leﬂ‘ Section VLD -
' names, energy ranges o ‘
INPut file Details about the interaction being Section VLA
studied; SAMMY control information  Tables VIA.1

PARameter ﬁle

Initial values for resonance and other
parameters, flags defining which are to be
varied, uncertainty information

&2

Table VIB.1

DATa file Experimental data, including energy, S’ection VI.C;fl S
cross section (or transmission, e.g.), and  Table VIC1.1
uncertainty

COVariance file 'Covariance matrix for the parametéré vé}s Section VILB
output by an earlier SAMMY run

DCV (Data Covariance information for the data‘l, - Sectlon VIC2 tr7 o

CoVariance)

IDC (Implicit Information on data-reduction parameters  SectionVLC.3 170

Data to be used to generate implicit data

Covariance) covariance matrix

AVG file or Information needed by SAMMY in order  Section VLE vtr1,4,‘tr83,

BON file to produce energy-averaged or tr84, tr85
Bondarenko-averaged cross sections
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Table VLI (continued)

Used in
Where details which
Description Contents may be found  test case
NTG file Integral data ﬁl}e Section VLI © ‘ tr69, tr77 A
NDF input file Information needed by SAMMY in order  Section VLF 23
to generate an output file in ENDF-6 File
_________ 2 format
ENDF resonance File 2 from ENDF, to be used instead of Section VI.G  tr50
parameter file the usual SAMMY PARameter file (and
_____ for part of the SAMMY INPut file)
ENDF File 3 Smooth cross sections to be added to the  Section V.F tr51
cross section calculated from resonance
parameters, for use in calculating the
. stellar (Maxwellian) averages
MXW file Temperatures at which the stellar Sections V.F  tr42,tr49,
(Maxwellian) averages are to be evaluated and VI.H trS1
- SSM file Edge-effects corrections to single- Section [ILF 39
scattering correction for capture cross
sections (file is generated by a previous
SAMMY run) ’ ,
ACS file Input information for Unresolved Section V.J tr73, tr88
Resonance Region , v .
THN file Directions for thinning data Section VIII.G 72 -
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VLA THE INPut FILE -
Table VIA.1 gives details about the information provided to SAMMY via the INPut file.

Card Set 1 of the table contains a title, which is reproduced in the output LPT file (See
Section VILA).

Card Set 2 contains miscellaneous information, including the mass of the sample, the energy
range, a flag to indicate how many iterations of Bayes’ equations are to be run. Some of the
information given here may be input elsewhere, in which case numbers given here are ignored.

The user specifies control options via Card Set 3, which contains statements (in English)
regarding the manner in which SAMMY is to proceed for this analysis. Valid control statements
are given in Table VIA.2; any of these statements may be used in any order in Card Set 3. (In .
the case of a conflict between two statements, the later command is used.) Note that SAMMY
does not understand misspellings! Instead, SAMMY will print an error message in the LPT file
and proceed to ignore the statement. Control statements may be either capital letters or
lowercase, but must be entirely one or the other on any given statement; that is, do not mix
lowercase and capitals on the same line.

Card Set 4 is blank, terminating Card Set 3.

Card Sets 5 and 6 describe the input for Doppler- and resolution-broadening (See Section
IV). Card Set 7 gives matching radius for the R-matrix formalism, sample thickness, and various
other parameters. Values for many of these parameters may, however, be superseded by values
specified in the PARameter file (See Section VI.B).

Card Set 8 specifies the type of data to be analyzed (e.g., capture cross section, transmission).
When the data are angular distributions, angles are specified here.

Quantum numbers for the sample nucleus are specified in Card Set 9, though values given
here may be overwritten by values given in “Alternative to Card Set 10.”

Card Set 10 describes quantum numbers for the various épin groups. NOTE: The
“Alternative to Card Set 10” is now the preferred method for inputting these quantum numbers,
because in this format all spins, masses, etc. (e.g., of minor isotopes) may be given explicitly.

Card Set 11 is needed only when analyzing capture cross sections using self-shielding and
multiple-scattering corrections. Dimensions of the sample, and interpolation and integration
parameters, are specified in this Card Set.

Card Sets 12 (Oak Ridge Resolution Function) and 13 (RPI Resolution Function) are
respectively equivalent to Card Sets 9 and 14 of the PARameter file, except that parameters
cannot be varied when they appear in the INPut file.
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Table VIA.1 Format of the INPut File

g_’(f Note: All integer formats (e.g., 12, 15) require that the numbers be in the right-most columns

g

3

< Number ~ Which

= of cards  card is

> Card  in this shown  Col- For- Range of
set - set here umn Variable . mat Meaning (units) values Notes
1 1 1 1-80  TITLE 16A5 '
2 1 1 1-10  ELMNT A10 Sample element’s name

11-20 AW F10.1 Atomic weight (amu)

21-30  EMIN F10.1 Minimum energy for this EMIN & EMAX will be ignored
data set (eV) here if they are given in the

BATch file (See Section VL.D)
31-40 EMAX F10.1 Maximum energy (eV)
é ‘ } 41-45 NEPNTS I5 Maximum number of pointé NEPNTS is the number of data
- | to be analyzed at one time points to be included in each
z (default = 500, but see region when “DIVIDE DATA
~ Note) INTO REGions” is specified in
: Card Set 3. (See Section V.G;
or: number of points to be use of this option is discouraged.)
used in generating artificial
energy grid (default =
10001) '

49-50 ITMAX 12 Number of iterations
(default = 2)

51-52 ICORR 12 Correlations smaller than O <ICORR < 100  This value is ignored unless the
this value (divided by 100)  Default = 50 . phrase “DO NOT PRINT SMALL
are not to be printed Correlation coefficients” occurs in

Card Set 3
& 53-55 NXTRA I3 Number of extra points to 0 <NXTRA €999 The minimum number of points in
% be added between each pair  Default =0 the auxiliary grid is (NXTRA+1)
w of data points for the x NDAT, where NDAT is the

auxiliary energy grid

number of points in the data grid
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Table VIA.1 (continued)

Card  Number Which For- Range of
set of cards  card Column  Variable mat Meaning (units) values Notes
2, 1 1, t 56-57 IPTDOP 12 Nuq:!)er of points t% b.e ?gded 0 o< PTDOP< 21  SeeSection IV.B.1
cont. cont. auxiliary energy grid in the _
neighborhood of small Default=9 .
resonances
59-60  IPTWID I2 -1< IPTWID< 6
Determines the number of points
to be added to auxiliary grid in Default =35
tails of small resonances
61-70 IXXCHN 110
Number of channels in ODF-type
data file to be ignored, or, if
MATNUM # 0, IXXCHN = ZA
for ENDF file
71-72 NDIGIT I2 Number of digits for concise format to6 See Sect VILE for details
73-74 IDROPP 12 Drop Correlations smaller than this % 1 to 99 ’
75-80 MATNUM 16 ENDF Material Number
3 As many 1-20 WHAT 4AS5  Alphanumeric information See Table VIA2
as needed ; concerning program options
4 ] 1 blank
5 Oorl 1 1-10 TEMP F10.1 Effective temperature of the (Zero for no This Card Set is omitted if
sample (K) Doppler “BROADENING IS NQT
broadening) Wanted” is specified in
‘ Card Set 3. If Card Set 4
11-20 DIST F10.1  Flight path length (m) appears in the PARameter
file (see Table VIB.1), all
©21-30 DELTAL  F10.1  That portion of the resolution values given here (in the

function width attributed to the
flight path length (m)

“

INPut file) in Card Set 5
will be ignored, except for
DIST. See Sect. IV.A.2.a

S
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Table VIA.1. Continued

Which

VA UOn02g

Card Number Col- Range of
Set of cards  card umn __ Variable  Format _ Meaning (units) Values Notes
5, Oorl 1, 31-40. DELTAE  F10.1 E-folding width of (0 for pure See Section IV.A.2.b. If the card
cont. cont. exponential resolution Gaussian "EXPONENTIAL FOLDING width
function (us) resolution is energy-dependent” is included in
’ ' function) the INPut file, the value given here is
used for DELTAE at 100 eV at other
energies, the value is given by Eq.(
IVAZ2b.6) on page 69.
41-50 DELTAG  F10.1 FWHM (us) of Gaussian (0 for pure See Section [V.A.2.a, Eq. (IVA2a.13
resolution function exponential and .15). If negative, channel widths
representing the burst resolution are also inciuded, in Card Set 6.
width function)
51-60 DELTTT  F10.1 Approximate step size for >0 See Section IV.D.
Effective Temperature
when using Leal-Hwang default = 5.0
method of Doppler
broadening (K)
61-70 ELOWBR F10.1 Energy below which no default= 0.0
broadening is wanted (eV) '
6 Oor2 1 1-i0  DELTAB  F10.1 Minimum channel width This Card Set is included only if
for interval from EMIN to DELTAG< 0 in Card Set 5
EMAX (us)
11-15 NCF I5 Number of crunch
boundaries (energy
intervals)
2 1-10  (BCF(l), 8F10.1 = Crunch boundaries, read in BCF(I) = maximum energy for this
1120 CF(l), order of increasing energy crunch factor; CF(I) = crunch factor;
I=1,NCF) (eV). Crunch factors i.e. the value of At, to be used in the
etc. (integer units of energy range BCF(I-1)<E<BCF(]) is

DELTAB)

CF()xDELTAB. See Eq. (IVA2a.7)
and following.
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Table VIA.1. Continued

Card Number Which Range of
Set  ofcards card Column Variable Format Meaning (units) ©~  Values Notes
7 1 1 1-10 CRFN F10.1 Channel radius (F) > 0.0 If CRFN is input as zero, its
: value is computed as
1.45%(1.008665+AW)"3. Values
given here will be ignored if
they also appear in Card Set 4 of
the PARameter file (See Table
VIB.1). The value for CRFN
will be ignored if Card Set 7 is
present in the PARameter file.
11-20 THICK  F10.1 Sample thickness Needed only for TRANSmission
(atoms/barn) or TOTAL cross section or for
multiple-scattering corrections
21-30 DCOVA F10.1 Constant term in Data covariance matrix has
data covariance additional term of the form
(default = 0.0) (DCOVA + E; x DCOVB) x
(DCOVA+ E;xDCOVB).
31-40 DCOVB  F10.1 Linear term Usually these terms will be set
(default = 0.0) to zero.
41-50 VMIN F10.1 Minimum absolute >0 If an experimental uncertainty in
uncertainty your DATa file is smaller than
(standard VMIN, SAMMY will increase
deviation) on data the value to VMIN.
51-60 (Currently unused)
61-70 DATCR  Fl10.1 Data at the same -1 This applies only when a
energy have DATCR combination of data types are
correlation <1 used (see Card Set 8 below).
DATCR

N
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Table VIA.1 (continued)

Card Number  Which

set of cards  card Column Variable Format Meaning (units)  Range of values Notes
8 At 1 1-80 CROSS 16A5  Type of data TRANSmMission Only those characters in capitals
least TOTAL cross section  are required
1 {ELASTic
SCATTering (Values connected with curley
INELAstic scattering brackets are equivalent.)
DIFFErential elastic
- {FISSion
REACTion
CAPTUre
SELF-indication
ABSORption Note ABSOR = CAPTU + FISSI
ETA Note ETA is defined as
NUx (fission/absorption) where
NU is specified in Card Set 11
(Card 3) of the PARameter file
(Table VIB.1)
INTEGral See Sect. V.I page 98s
2 1-5 NANGLE 15 Number of >0 This card is present only for
angles DIFFErential elastic cross sections
1120 ANGLE(1) F10.1  First angle, in Between 0 and 180°
‘ . laboratory
(degrees)
21-30 ANGLE(2) F10.1  Second angle
(degrees)
71-80  ANGLE(7) _ F10.1 _ Seventhangle
34 1-10, ANGLE(8) F10.1 Other angles These cards are absent if
etc. 11-20, etc. (degrees) NANGLE < 7

etc.
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Table VIA.1 (continued)

Number Which

Card ‘
set of cards card Columns  Variable Format Meaning (units) Range of values Notes
8, at least 5 11-20 DANGLE(1) F10.1 . Angular spread of Card is included only for
cont. 1 . detector at differential elastic cross
ANGLE(1) sections
" (degrees)
21-30 DANGLE(2) F10.1
71-80  DANGLE(?)  F10.1
6,7, 1-80 DANGLE(7) F10.1  Angular spread Absent if NANGLE < 7
to DANGLE
(NANGLE)
Alter-  Atleast 1 1-80 CROSS 16A5 COMBInatipn of = Columns 16 through 20
native 5 ) ‘ TWO types indicate how many types of
to 8 COMBInation of  data are to be included, to a
THREE types  maximum of SEVEN
COMBInation of
SEVEN types

2 1-80 CROSS, 16A5  Type of cross See the other version of
WARNING: ‘ section for data set 1 Card Set 8
This alternative
has never been
used except for .
test cases. 3 1-10  EMIN, F10.1  Minimum energy for These energies override
Contact N. M. data set 1 (eV) those given in Card Set 2
Larson when you
start to use this EMAX, F10.1  Maximum energy

option.

11-20

for data set 1 (eV)
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Table VIA.1. Continued

Card  Number  Which Range of
Set of cards  card Column  variable Format _ Meaning (units) Values  Notes
Alt8, Atleast 4 1-80 CROSS, 16A5 Type of data for data
cont. 5 ‘ set2
5 1-10 EMIN, F10.1 Minimum energy for
data set 2 (eV)
1120 EMAX, F10.1  Maximum energy for
’ data set (eV)
etc, Repeat cards 4 and 5 as many times as necéésary, to a maximum of 7 data sets.
9 1 1 1-10 SPINI F10.1 Spin of sample Integer Positive for even parity and negative for
nucleus or half- odd; Note that SPINI may be overwritten in
integer Alt Card Set 10
11-20 ECHAN(1) Fl10.1 Excitation energy of Often set to zero. If non-zero, ECHAN
the residual nucleus is assumed to be defined in the laboratory
for neutron channel system for both Coulomb and non-
number 1 in an Coulomb channels. Override with
inelastic channel alphanumeric commands "CM NON
eV) COULOMB EXCITation" or "CM
: COULOMB EXCITATIon"
21-25 [SHIFT(1) 15 Calculate shift for 0=no -
channel 1? I =yes
26-30 LPENT(1) I5 Calculate penetrabili- 0=no If 0, this is a fission channel.
 ties for channel 1? 1 =yes If 1, this is a neutron channel.

If there is more than one channel,
ECHAN(2) is in columns 31-40,
ISHIFT(2) in 41-45, LPENT(2) in 46-50,
ECHAN(3) in 51-60, etc. '
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Table VIA.1. Continued

Card  Number Which Col- For-
Set of cards  card umn Variable mat Meaning (Units) Range of Values Notes
10 one for | 1-10  SPIN(1) F10.1 OBSOLETE SPIN GROUP is needed in
each INPut file to use Card Set 10. In general
spin the author encourages use of the Alternate
group to Card Set 10 (page 108d)
(a) spin for resonance in Integer of half- Use this option if the sample is pure.
group 1 integer; positive ’
for even parity
and negative for
odd
(b) Spin factor g, times Not integer or This option can be used when several
isotopic abundance, for half-integer isotopes or contaminants are present in the
resonances in group 1 sample; the value which should be inserted
here is the product of spin factor and
isotopic abundance
11-15 NENT(1) I5 Number of particle 21, <3 NENT + NEXT is the total number of
entrance channels for particle channels for this spin group. For
resonances in group 1 more than three channels, use Alternate to
Card Set 10
16-20 NEXT(1) IS Number of particle exit 20, <2 '
: channels, excluding the If option (a) for SPINJ is chosen,
entrance channels consistency checks will be made to verify
that the various angular moments add up
21-25 LSPIN(1,1) 15 Orbital angular momen- Integer properly. Inconsistencies will result in
tum for channel 1 for warning messages, but will not cause
resonances in group 1 SAMMY to abort
26-30 CHSPIN(L,I) F5.1 Channel spin for Integer or If ENBND>0, then B=S/(c), where a = ka
- channel 1, group 1 half-integer and £ is the center-of-mass momentum for
energy ENBND (see Section IIIA.1). If
31-40 ENBND(L1) F10.1  Boundary condition for ENBND < 0, then B=ENBND.

channel 1, group 1 (eV)
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Table VIA.1 (continued)

Card  Number  Which For- Range of
= set of cards card  Columns Variable mat Meaning (Units) values Notes
10, One for 1, 41-45 LSPIN(2,1) 5 Orbital angular momen-tum  Integer Card is blank in columns 41-79 if
cont.  each cont. for channel 2 for resonances there is only 1 channel (i.e., if
spin in group 1 NENT=1 and NEXT=0)
group
46-50 CHSPIN(2,1) F5.1 Channel spin for channel 2,
group 1
51-60 ENBND(2,1) F10.1 Boundary condition for
channel 2, group 1 (eV)
61-65 LSPING3, 1) IS Orbital angular momentum Card is blank in columns 61-79 if
for channel 3, group 1 there are only 2 channels (i.e., if
NENT+NEXT< 2)
66-70 CHSPIN(3,1) F5.1
71-79 ENBND(3,1) F9.1
80 IXCLD 11 Flag to exclude this spin 0 for include
group from calculation, but 1 for exclude
not from PAR or COV files
2, etc. Same as card | in this card set,

with the quantum numbers
appropriate for group number 2
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Table VIA.1 (continued)

Card  Number  Which Col- For- ‘
set of cards  card umns Variable mat Meaning (Units) Range of values Notes
Al- At least 1 1-3 JJ I3 Spin group number 1,2,3,... "USE NEW SPIN GROUP
terna-  two for format" must appear in Card
tive each 4 (blank) Set 3 if this alternative is
to spin used.
Card  group Contact the author if you want
Set S EXCL Al Flag if exclude from  blank = include more than 999 spin groups
10 calculation "X" = exclude
6-10 NENT{DH IS Number of entrance >0 NENT + NEXT is the total
channels number of particle channels
for this spin group
11-15 NEXT{)) IS Number of exit >0
chan-nels, excluding
those which are also
entrance channels
16-20 SPINJ(J)) F5.1 Spin for resonances  Integer or half- positive for even parity and
' in group JJ integer negative for odd
21-30 ABNDNC() F10.1  Isotopic abundance
for this spin group
31-35 SPINI F5.1 Ground-state spin for  integer or half- positive for even parity and

this isotope

integer

negative for odd

s

"



& Table VIA.1 (continued)
g' Card Number Which Col- For- ;
< set of cards  card umns Variable mat Meaning (Units) Range of values Notes
> Alt 2 4-5 N 2 Channel number >0 Note: one card is needed for
10, : 3 each channel
cont. 6-8 KZI(N,IDH I3 Charge number Z1 (integer)
for first particle in
this channel
9-10 LPENT(N,1)) 2 Calculate penetra- 0=no
bility for channel N,  1=yes
spin group J
11-13 KZ2(N,1)) I3 Charge number Z2 (integer)
for second particle
=3 15 ISHIFT(N,1J) I Calculate shift? 0=no
i 1=yes
]
O 18 IFEXCL(N,IJ) I1 flag to exclude from 0 =no
final-state 1 =yes
calculation
19-20 LSPIN(N,JJ) 2 Orbital angular integer, > 0
momentum
21-30 CHSPIN(N,JJ) F10.1  Channel spin integer or half-
integer; sign
signifies parity

g1 98eq
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Table VIA.1 (continued)

Card Number Which Range of

set of cards card Column  Variable Format  Meaning (units) values Notes

Alt.  -Atleast 2, 31-40 ENBND(N,JJ}  F10.1 Boundary condition (eV) If ENBND>0, then B=S{a), where o

10, two for  cont. = ka and £ is the center-of-mass

cont. each momentum for energy ENBND (see
spin Section ITIA.1). If ENBND < 0, then
group B=ENBND

41-50 ECHAN(N,J)) F10.1 Excitation energy of residual See comments for ECHAN in Card

nucleus in an inelastic Set 9
channel (eV)

51-55 RDEFF(N,JJ) F5.1 Effective radius (F) 20 As defined by ENDF,; used in
calculating phase shift only. If zero,
SAMMY uses CRFN from Card Set 7
or PAREFF from Card Set 7 of the
PARameter file (Table VIB.1)

56-60 RDTRU(N,JJ) F5.1 True radius (F) >0 As defined by ENDF; used in
calculating penetrabilities and phase
shifts

61-70 EMMI(N,IJ) F10.1 Mass of fragment # 1 (i.e.of =0 If zero, uses AW from Card Set 2

target, for channel number 1)
(amu)
71-80 EMM2(N,JJ) F10.1 Mass of fragment #2 (ie.of >0 If zero, uses atomic weight of neutron

neutron, for channel number
1) (amu)

3, etc.  Repeat card number 2 for a total of (NENT+NEXT) cards

4, etc. . Repeat (Card 1 and Card 2), once for every spin group

Last (blank)
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Card  Number Which

Table VIA.1 (continued)

Range of
set of cards  card Column  Variable Format  Meaning (units) values Notes
11 1 1 1-10 THSAMP  F10.1 Sample thickness (cm) >0 This card set is present
' only if self-shielding
11-20 XSAMP F10.1 - Sample height (cm) or 20 and multiple-scattering
sample radius (cm) corrections are mentioned
in Card Set 3
21-30 YSAMP F10.1 Sample width (cm) or 20 '
zero if circular If XSAMP is given as zero
here but XBEAM is
31-40 XBEAM F10.1 Beam height (cm) or beam >0 positive, the code will set
: : radius (cm), or zero if beam XSAMP = XBEAM, and
is larger than sample vice versa. Similarly for
: YSAMP and YBEAM.
41-50 YBEAM F10.1 Beam width (cm) or zero 20
if circular or if beam is As of this writing, the
larger than sample rectangular sample is not
yet implemented in the
51-55 NTHETA IS Number of points for 20 code; hence YSAMP and
part of B-integration default = 28 YBEAM are not to be used.
56-60 NGAUSZ I5 Number of points for 4,8, 0r16
pieces of z-integration default = 16
61-65 NGAUS I5 Number of points for 4,8,0r 16
pieces of integration over default= 16
cross- section of beam
66-70 MTHETA IS Number of points for >0
rest of 8-integration default =11




Table VIA.1 (continued)

[#2]
8
8 Card Number ~ Which Range of
< set of cards _ card Column _ Variable Format  Meaning (units) values Notes
> 12 At 1 1-5 WHAT AS Alphanumeric indicator of ORRES  Oak Ridge Resolution function
least 6 what comes next (See Sect. IV.E).
2-11 See Card Set 9 of the PARameter file, Table VIB.1, page 122g, for the remainder of the input for this option.
Note that flags to vary the parameters are ignored when values are in the INPut file.
12 (blank)
13 At 1 1-5 WHAT AS Alphanumeric indicator of RPIR RPI Resolution function (See
least 3 what comes next Sect. IV.G). -
05; 2-12 See Card Set 14 of the PARameter file, Table VIB.1, page 122s, for the remainder of the input for this option.
= Note that flags to vary the parameters are ignored when values are in the INPut file.
g Last (blank)
Alter- At 1 1-5 WHAT AS Alphanumeric indicator of RPIT RPI Resolution function (See
native  least3 what comes next or Sect. IV.G) with either
to RPI C transmission or capture defaults
Card .
Set 13 2-12 See Alternative to Card Set 14 of the PARameter file, Table VIB.1, page 122u, for the remainder of the input for
this option. Note that flags to vary the parameters are ignored when values are in the INPut file.
Last (blank)
o i
0
aQ
[¢]
o



Table VIA.2 Alphanumeric statements acceptable for use

in the INPUT file, Card Set 3

Note: Any of the valid statements listed here may be included in the INPut file, in any order. Usually only
the first 20 characters of the statement are required; occasionally other information must be given in specific
columns, as indicated below. Characters shown here in lower-case letters are optlonal in the INPut file, but are
included here for clarity. Characters shown here in upper case can be either upper case or lower case in the INPut
file, but the cases must not be mixed for any one command. In the event that contradictory statements are included,
the last to appear is the instruction that SAMMY will honor. Default instructions need not be included exphc1tly
Options that are described "for debug purposes” should oenerally ‘be avoided, because considerable output is
generated thereby, especially when many data points are included within the energy range.

Category = Default Statements Notes
Input X DATA ARE IN ORIGINAL Three pomts per lme relatwe uncertainties, in
control multi-style format 3(2F15.5,F17. 3) format. See Section VI.C.1
for : : : . sasaesrizeares: :
expe’il' DATA FORMAT IS ONE Point ~ The ASCII data ﬁle contains one pomt per line,
glenta per line, or in (3G11.8) format, with uncertainties being

ata USE CSISRS FORMAT For absolute rather than relative

.. data or
USE TWENTY SIGNIFICAnt .  The ASCII data ﬁle contains one pomt per lme in

Section VI.A

digits, or

(3F20.10) format. . Uncertainties are absolute

TWENTY
DATA ARE IN STANDARGJ odf The data file is the "standard" ODF file with
format energy in section 1, data in section 2, absolute
uncertainty in section 3, and partial derivatives
withrespectto data—reduction parameters in section
esseseressessssseens 4 ff See Sectlon V E 2 of th]S manual for detaxls
DATA ARE IN ODF FILE The data file, whose name you spec1fy elther on-
line or in your batch file, is in ORELA Data
Format. Section 1 contains energies, 2 the data,
and 3 the (absolute) uncertainties. See Section
VI.C of this report for details
DIFFERENTIAL DATA ARE in  See Section VI.C.1 for details
" ascii file : | X ALY
IMPLICIT DATA COVARlance  See Section V1.C.2
is wanted
109 (RS) Page 17



Table VIA.2 (continued)

Category __ Default Statements Notes
Input ADD CONSTANT TERM TO These three statements refer to the option of adding
control data covariance a constant to the data covariance matrix, both on-
for == and off-diagonal, over the energy region in which
experi- X DO NOT ADD CONSTANT the effect of the (non-s-wave) resonance is felt.
mental " term to data covariance Magnitude of this constant is specified in columns
data, 68-80 in the parameter file, for each resonance.
cont. USE DEFAULT FOR CONStant For :het t?urd topttxo;n,Eﬂ;e lcde:fault value of this
term to add to data covariance  COPStant is set at 1.E-6 for every non-s-wave
resonance
USE TEN PERCENT DATA To be used only in nonphysical situations
uncertainty, or (Second phrase is equivalent to first)
ADD TEN PERCENT DATA
uncertainty
X DATA COVARIANCE IS
Diagonal
DATA HAS OFF-DIAGONALI a and b are specified as DCOVA and DCOVB in
contribution to covariance the INP file, card set number 7 in Table VIA.1
matrix of the form ’
(a+bE)(a+ bEI.)
DATA COVARIJANCE FILE is Substitute your own file name for
named YYYYYY.YYY YYYYYY.YYY in columns 31-40. See Table
VIC.2 for the format for this file
Input USE NEW SPIN GROUP See Card Sets 9 and (Alternative to) 10 in Table
control ... Format VIA.]
for para- . . .
meters USE OBSOLETE SPIN Group This option will be removed from future releases
format of SAMMY:; please begin now to use the "new”
spin-group format
INPUT IS ENDF/B FILE 2 Resonance parameters and spin-group quantum
number information is taken from an ENDF/B file;
see Section VI.G
USE ENERGY RANGE FROm Otherwise, read energy range from INPut file or
endf/b file 2 batch input
ENERGY UNCERTAINTIES See Table VIB.1, Card Set 1, columns 68-80,
are at end of line in parameter  second alternative
file
Section VI.A 110 (R5) Page 18



Table VIA.2 (continued)

Notes

Category Default
Input IGNORE INPUT BINARY Your PARameter ﬁle specxﬁes that the parameter
control covariance file, or covariance matrix is kept in a binary file. For
for para- IGNORE ' this particular run, however, you wish to pretend
meters, that there were no previous runs generating such
cont. a file; instead you wish to use the large (ideally
) uncertainties that indicate no prior knowledge
of parameter values
X LAB NON COULOMB The excitation energy (for channels for which
EXCltation energies there is no Coulomb interaction) is defined in the
laboratory rather than the center of mass system.
See parameter ECHAN in Card Set 9 or Card Set
10 of the lNPut file, Table VIA.1
CM NON COULOMB The non-Coulomb excitation energies are given
EXClITation energies in the com system rather than the laboratory
system_
X LAB COULOMB EXCITATIon For Coulomb channels the excitation energy or
energies Q-value ECHAN (Card Set 9 or 10 of the INPut
file) is in the laboratory system
CM COULOMB EXCITATIOn For Coulomb channels, the excitation energy or
energies Q-value ECHAN (Card Set 9 or 10 of the INPut
file) is in the center of mass system
Line- X DO NOT PRINT ANY INPut
printer parameters
control
PARAmeters
PRINT VARIED INPUT Resonances for which no parameters are flagged
Parameters will not be printed. Use this option for direct
comparison with output parameters, which are
I _ always prmted in thrs mode »
X DO NOT PRINT INPUT Data Note that this refers to experlmental values of the
‘ measured cross section (or transmission, etc.), as
PRINT INPUT DATA read in from the DATa ﬁle (see Section VI.C)
X DO NOT PRINT THEORETical  Often these are avallable in the ODF file (see k
values Table VIIC.1) so they need not be printed in the
LPT file
PRINT THEORETICAL VAlues
X DO NOT PRINT PARTIAL
derivatives

PRINT PARTIAL DERIVAtives

Use this option only for debug purposes

Section VLA

n@Es)
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Table VIA.2 (continued)

Category _ Default Statements ‘ Notes
Line- X DO NOT SUPPRESS Updated parameter values and covariance matrix
printer INTEmmediate printout elements are printed after completion of each
control energy region
options, . .
cont. SUPPRESS INTERMEDIATe Updated parameter values and covariance matrix
printout elements are printed only upon completion of
entire run _
DO NOT SUPPRESS ANY Updated parameter values are printed after each
intermediate printout iteration of Bayes' equations (i.e., typically twice
for each energy region). Updated covariance
matrix elements are evaluated and printed only
upon completion of an energy region
X DO NOT USE SHORT FORmat
for output
USE SHORT FORMAT FOR Resonance parameters are printed in the LPT file
output (Section VILA), in F12.4 format rather than E
format. Even though this may produce more
legible output, often fewer significant digits will be
printed
X DO NOT PRINT REDUCED
widths
PRINT REDUCED WIDTHS Reduced width amplitudes will be printed in the
' LPT file (Section VIL.A), along with the square
root of the resonance energies. That is, what are
printed are the "u-parameters” as described in
Section III of this report
DO NOT PRINT SMALL Any line of the correlation matrix whose off-
Correlation coefficients diagonal elements are small will not be printed.
"Small" is defined less than ICORR/100 in abslute
value, where ICORR is specified in Card Set 2
(Table VIA.1)
X DO NOT PRINT DEBUG
Information
PRINT DEBUG Use for debug purposes only on short runs
INFORMATion, or
DEBUG
PRINT CAPTURE AREA in Ipt The capture area, défined as A = g T /T, is
file printed in the SAMMY LPT file
Section VI.A 112 (R5) Page 20



N : Table VIA.2 (continued)
Category _Default Statements k Notes
Constants X USE ENDF VALUES For SAMMY is now using those values for the
constants, or physical constants which have been "blessed" by
USE 1999 ENDF-102 Constant ENDF (See Appendix E)
values ‘
USE 1995 ENDF-102 Constant
values, or
USE OLDER VALUES OF
constants _
USE SAMMY-K1 DEFAULts ThlS will give the values which "USE PRECISE
for constants _ VALUES Of constants" used to glve
Operation X SOLVE BAYES EQUATIONs Update parameter values and covariances via
control Bayes' equations
for T
standard DO NOT SOLVE BAYES Parameter values are not updated, but remain fixed.
runs Equation Theoretical values of transmission or cross section
are evaluated for each energy region specified,
— usmc these ﬁxed parameter values ’
X REICH-MOORE FORMALISm See Section 1L D Note that "more accurate refers
is wanted, or to the computanonal method, not to the formalism
VY - o)MORE ACCURATE REICH-
' “moore; or .
XCT
ORIGINAL REICH-MOORE See Sectton II1. A ThlS method of calculating
formalism, or the RM formalism is sometimes inaccurate,
CRO , particularly at low energies for capture
MULTILEVEL BREIT-WIiGner  See Section IiI.C
is wanted, or
MLBW FORMALISM IS
WAnted, or
MLBW ‘
SINGLE LEVEL BREIT-WIgner  See Section II1.C
is wanted, or
SLBW FORMALISM IS
WAnted, or
X =~ LET SAMMY CHOOSE WHIch
HIVEISION SONEINIC 10 LS o e———verarmaaesasmaeasaasasanasaenn
USE (N+V) INVERSION Original method; Section 11.B.1.a
scheme \
USE (‘I+Q) INVERSIQ/Nchhem_e See Section II.LB.1.b
Section VLA 113 (RS) Page 21



Table VIA.2 (continued)

Category

Default Statements

Notes

Operation
control
for
standard
runs,
cont.

Section VLA

USE POLAR COORDINATESs
for fission widths

When there are two channels for fission, the pair
may be treated as a vector, in which case the two
independent variables are the magnitude of the
vector and the polar angle, rather than the two
widths. Compare, for example, with the Vogt
formalism [EV58]

X DO NOT DIVIDE DATA Into
regions - do entire energy
range at once

DIVIDE DATA INTO REGions
with a fixed number of data
points per region

SAMMY will automatically choose energy regions
of NEPNTS (see Card Set 2, Table VIA.1) data
points each, for sequential analysis. Warning:
SAMMY merely counts; it does not consider
carefully whether dividing point is located in a

- region where the theoretical values (¢ or 7) are

nonlinear with respect to the parameters. Dividing
in such a location (at or near a resonance) will
invalidate the linearity assumption used in deriving
Bayes' equation, and thus lead to spurious results.
Users are urged to use this option only on the
"zeroth pass,” as an aid in deciding where to divide
the data, and not for final runs

X DO NOT USE S-WAVE CUtoff

USE S-WAVE CUTOFF

Non-s-wave resonances far away from the data
being analyzed are omitted in parts of the
calculation of the R-matrix. The definition of
"far away" used in setting the partial derivatives
to zero is

iE—EAi>20(E rk+r{) «3(d *r) .

where d and r are Doppler and resolution widths,
respectively. The definition of "far away" for the
contribution to the imaginary part of R is 100
times that for the derivatives; contributions to the
real part of R are always included

For s-wave resonances, the user may choose

whether to use a similar cutoff. If a cutoff is
desired, its value is twice that for non s-wave
resonance

Caution: Though SAMMY will run faster with
the cutoff option invoked, results may not be as
accurate

114 (RS)
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_ Table VIA.2 (continued)

i

Category  Default Statements ; ____ Notes -
Operation MODIFY UNVARIED WIDths  This option is no longer available in versions M5
control when varying radii (2000) and higher ‘
for e o i
standard ¥ PO NOT MODIFY UNVARied  The partial widths are assumed to be constant when
runs, widths when varying radii varying the channel radius; hence the reduced
cont. width amplitudes may vary. In version M2 of the
code, derivatives with respect to the channel radius
were not properly calculated for this option. In
versions M5 and higher, derivatives are properly
calculated; this is the only option available for
those versions of the code.
CHI SQUARED IS NOT Remember that in Bayes’ (as opposed to least-
Wanted, or squares) ¥ is an irrelevant quantity and is therefore
DO NOT PRINT LS CHI not even calculated. Nevertheless it is often useful
squared for comparing results of different fits. For each
energy region, y° may be calculated from
Gy = X (D;=T) (V™),(D,-T)
X CHISQUARED IS WANTEd, is calculated, and * and ¥ NDAT (where NDAT
Cor ©oere e s the number of data points in that region) are
PRINT LS CHI SQUARED reported. Note that SAMMY does not report X/
dof (where dof = degrees of freedom = NDAT-
NPAR, with NPAR being the number of
parameters), since with Bayes’ method dof can be
zero or negative.
""""""""" - In addition to y?, the quantity we choose to call the
X  DONOT P,RIINT BAYES Chi Bayesian 3> may also be reported, where
squared unless it can be easily 2 _ _ -1 _
generated without additional Xz ,Z; (D,=T) (N+¥)y; (D;=T)
calculations ' o
Caveat: Theoretical values T, are generated using
the values of the parameters prior to analysis of
this energy region.
Section VLA 114 a (RS) Page 23



Table VIA.2 (continued)

Category __ Default Statements Notes
" Operation X DO NOT PRINT WEIGHTEd Two types of weighted residuals may be printed.
control residuals; or The least-squares weighted residual is defined as
for DO NOT PRINT LS WEIGhted LS I
standard residuals R, = Y 4 )ii (Di -7T)
runs, . :
t. N . - y -« .
con PRINT WEIGHTED RESIDuals; wher.e Disthe expenmegtal data, V its covariance
or matrix, and T the theoretical value evaluated at the
PRINT LS WEIGHTED init.ial value§ of t{)e parameters. The Bayesian
Residuals weighted residual is defined as
........... _ B _ -1 _ |
X PRINT BAYES WEIGHTED R =3 (N+V)y; (D;-T)
residuals /
where
No-T aT, T,
iadsvenasestscancsan kn - - a u ij a u
DO NOT PRINT BAYES Y i i
Weighted residuals
and M, is the initial covariance matrix element for
parameters u; and #;
X DO NOT PRINT PHASE shifts In the LPT file
~ PRINT PHASE SHIFTS For
input parameters
Broad- X BROADENING IS WANTED Some form of broadening is to be used; see Section
ening IV
options
BROADENING IS NOT If you do not wish to have SAMMY Doppler- or
WAnted resolution-broaden the theoretical values, be sure
to remove Card Sets 5 and 6 (see Table VIA.1)
from the INP file, as well as include this card
X USE FREE GAS MODEL Of The free-gas model of Doppler broadening, as
doppler broadening, or described in Section IV.F, is to be used
F O e tasese s ees e SRR R Rt
USE LEAL,LHWANG DOPPLer  The Doppler-broadening method of Leal and
broadening Hwang, as described in Section IV.D, is to be used
USE MULTI-STYLE DOPPPler  High-energy Gaussian approximation to the free-
broadening, or gas model is to be used for Doppler broadening, as
HEGA described in Section IV.A.1
Section VLA 114 b (RS) Page 24
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Table VIA.2 (continued)

Category _Default Statements _ Notes
Broad- NO LOW—ENERGY Theoretical values are not to be broadened below
ening BROADERing is to be used the energy value ELOWBR given in Card Set 5 of
options, Table VIA.1 (the INPut file). This option works
cont. only with the original (MULTI-style) broadening,
and not with the Leal-Hwang method nor with the
: free-gas model
USE TRUE TOTAL CROSS Usually total cross sections w1ll be converted to
* section for resolution transmissions after Doppler broadening, before
broadening resolution broadening. This command forces the
use of the total cross section rather than the
transmission for resolution broadening. See test
case tr81 for an examnle
EXPONENTIAL FOLDING See Section IV A2b, Eq (IVA2b 6) -
width is energy-dependent
DO NOT SHIFT ENERGY for - See Section IV.A.2.c; the energy shift AE, is
exponential tail on resolution assumed zero here
broadening
X SHIFT ENERGY FOR See Section IV.A.2.c; the energy shift AE, is
EXPonential tail on resolution  chosen to give a maximum of the integrand at the
£ 3 broadening_ _ resonance energy
Multiple- X USE SELF SHIELDING Only, Only self-shleldmo isto be mcluded no sm°le- or
scattering no scattering, or double-scattering (see Section IIL.F)
corrections SELF SHIELD
USE SINGLE SCATTERINg Include self—éhielding plus single-scattering
-plus self shielding, or corrections
SINGLE
INCLUDE DOUBLE Include self-shielding, single-scattering, and
SCATTering corrections, or double-scattering corrections (See Section IILF)
DOUBLE, or
USE MULTIPLE SCATTERIng
plus single scattering
INFINITE SLAB Single-scattering correction does not include edge-
effects ’
X ; FINITE SLAB k : Edge effects correcnons are mcluded
X MAKE NEW FILE WITH Edoe See Section III.LE. This statement is ignored if
effects "INFINITE SLAB" is specified.
FILE WITH EDGE EFFECts
already exists _
Section VLA 114 ¢ (RS). Page 25



Table VIA.2 (continued)

Category _ Default Statements Notes
Multiple- MAKE PLOT FILE OF Multiple  Store Y0, Y1, and Y2 in file SAM53.DAT, to be
scattering scattering pieces read by program SAMCMP
corrections,
cont. NORMALIZE AS CROSS See Section IIL.F
Section rather than yield, or
CROSS SECTION
X NORMALIZE AS YIELD
Rather than cross section, or
YIELD
NORMALIZE AS (1-E)Slgma
Angular USE LABORATORY CROSs For differential elastic scattering; see Section IIL.LE
distri- sections
. bution
data X USE CENTER-OF-MASS cross
' sections
OMIT FINITE SIZE
CORrections
INCIDENT NEUTRON
ATTenuation is included
APPROXIMATE SCATTEREd
neutron attenuation is wanted,
or These two are equivalent statements
SCATTERED NEUTRON
ATtenuation is included
Special ENDF/B-V1 IFILE 2 1S wanted, Resonance parameters are to be provided in the
options or format required for ENDF/B-VI File 2 (Reich-
ENDF Moore representation) is wanted. See Section VI.F
_for details
RECONSTRUCT CROSS Section SAMMY will automatically choose an appropriate
from resonance parameters grid and evaluate total, elastic, capture, and fission
cross sections on that grid, using NJOY method.
See Section V.G
ARTIFICIAL ENERGY grid is SAMMY will automatically choose an appropriate
needed grid and evaluate, using SAMMY method. See
Section V.G
X DO NOT AVERAGE OVER
energy ranges
AVERAGE OVER ENERGY Produce energy-averaged experimental data and
ranges _ theoretical values, using output parameters from an
earlier SAMMY analysis. See Section V.C.1 for
details
Section VLA 114d (RS) Page 26



Table VIA.2 (continued)

Cafegory Dot Statements _ Mo
Special GROUP AVERAGE OVER Produce Bondarenko-welohted averaoes usmg
options, Energy ranges; or . output parameters from an earlier SAMMY
cont. BONDARENKO AVERAGE analysis. See Section V.C.2 for details
Qverenergyranges ... ’
'MAKE NO CORRECTIONS to Do not perform Doppler or resolution broadening
theoretical values corrections, nor include normalizations or
backgmunds, before averaging
MAXWELLIAN AVERAGED Generate stellar averaoed capture cross section; see
capture cross sections are Section V.F
wanted, or
STELLAR AVERAGED Capture
cross sections are wanted
CALCULATE MAXWELLIAN
averages after reconstructing
Cross sections ’
ADD CROSS SECTIONSs from For use in generating Maxwelhan averages; see
endfbfile3 Table VID 5 and VIH 1
X DO NOT PERFORM
SUMMAry anal‘ i ‘
PERFORM SUMMARY Evaluate ,z’uid print the summed strength function
ANALysis and the corresponding covariance matrix. Note:
) SAMMY stops upon completion of this task
GENERATE PARTIAL SAMMY will assume all resonance parameters,
DERivatives only and only resonance parameters, are to be varied;
that Bayes' equations are not to be solved; and that
the partial derivatives of the theory with respect to
those parameters is to be output in file
SAMMY PDS '
GENERATE SPIN GROUP Generate ODF (Piot) f‘ le containing energy (from
cross sections auxiliary grid) in Section 1, unbroadened cross
section in Section 2, spin-group-1 contribution to
unbroadened cross section in Section 3, spin-
— ‘ groug2 contrlbutlon in Sectlon 4 etc
" REFORMULATE DATA FOR See Sections 11.A.1.a and VIC.3
implicit data covariances '
UNRESOLVED RESONANCE Use the SAMMY version of Fritz Froehner s code
region, or FITACS for analysxs of the unresolved resonance
FRITZ FROEHNERS FITAcs, region
or
FITACS
Section VLA 114 e (RS) Page 27



Table VIA.2 (cohtinued)

Category Default

Statements

Notes

Special
options,

COMPARE EXPERIMENT To
theory

See Section VIILK; results are reported in binary
file SAMS3.DAT

cont.

GENERATE Y AND W
MATrices, or
YW

READ Y AND W MATRICES,
or

WY

See Section [1.B.3 for a description of the M+W
form of Bayes’ Equations. See Test Case tr89 for
examples of the use of this option.

STOP abec n

Cease execution prior to the nth occurrence of
segment abc (note that there are two spaces before
n in this command). Used only for debug (Section
X1.B page 211) and preparation for Monte Carlo
calculations (Section VI11.0 page 150z.7)

Plot file X
control

DO NOT GENERATE PLOT
file automatically

GENERATE ODF FILE
AUtomatically; or

GENERATE PLOT FILE
Automatically

The output ODF file is described fully elsewhere
(Table VIIC.1). To complete all sections of this
file requires (1) initialization; (2) running SAMMY
without solving Bayes' equations to obtain
theoretical values determined by the input
parameters; (3) solving Bayes' equations to obtain

" updated parameter values; and (4) obtaining

theoretical values determined by the updated
parameters. That is, the ODF file requires an
initialization plus three complete passes through
SAMMY. The option to GENERATE ODF (or
PLOT) FILE AUtomatically does all this busy-
work for you. If you do not need plots, do not use
this option. ‘

Note to users who do not have ODF plotting
package: SAMMY is now able to produce a binary
file containing the information that would normally
be included in the ODF file. It is strongly
recommended that users without the ODF option
extract the information from this binary file rather
than from the LPT file. A FORTRAN file mbin.f
is available as a guide for reading the binary file
(whose name is also SAMMY.ODF); comment
cards in the FORTRAN file explain how to link
SAMMY to produce the binary rather than the
ODF file

Section VI.A
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~ Table VIA.2 (continued)
Category _ Default Statements Notes
Plot file ODF FILE IS WANTED-- These statements are all ignored if you choose to
control, XXXXXX. XXX, ZEROth GENERATE ODF FILE automatically. To use
cont. order guess these options, replace XXXXXX.XXX (columns21-
30) with the name of your ODF file. Be sure that
ODF FILE IS WANTED-- file already contains energies and data (Sections
XXXXXX. XXX, FINAl guess  1,2,3, and possibly 6 and 7; see Table VIIC.1)
PLOT UNBROADENED Cross Generate file SAMMY.UNB which contains the
sections auxiliary energy grid in Section 1 and the
unbroadened theoretical values in Sections 2 etc.
SAMMY also generates an ASCII file samunb.dat
with the same information in CSISRS format
X DO NOT INCLUDE The covariance matrix element connecting theory
THEORetical uncertainties in point T; with point 7} is
plot file
oT, oT,
INCLUDE THEORETICAL 2g Men 3
uncertainties in plot file Tk "
where M,, is the covariance matrix element
connecting parameter %, with parameter u, . The
theoretical uncertainty on theory 7; is the square
root of the diagonal element; that s,
aT, oT,
A Tiz = z — kn —
tn Ou, ou,
The values AT, are reported in Sections 10 and 11
(or 6 & 7) of the ODF file
PLOT RESOLUTION FUNCtion  See Section VIIL.L
Section VLA 114 ¢ (RS) Page 29
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R . N
8. T'able VIB.1 (contmue )
9]
= Card set, Which  Col- Variable For-
< No. of cards <@ ymn name mat Meaning (units}) Values Notes
to
6, at least 4 ! first WHAT AS Alphanumeric indicator of what comes NORMAlization  Only the first five
few next and background characters are required
24, 1-10 ANORM F a = normalization (dimensionless) generally ~ 1.0 See Section V.E.1 for a
etc complete description of
11-20 BACKA F B, = constant background (dimensionless nonl:lalization and
if data is transmission, barns if cross background parameters
section)
21-30 BACKB F B, = background proportional to 1/ \/'E When the data are angular
or linear in time ( eV or bamsx/eV ) distributions, Card 2
, contains normalization and
— 31-40 BACKC F B, = background proportional to VIE or backgrounds for the first
N linear in inverse time (1//eV or angle, Card 4 for the
o barns/\/eV ) second, efc.
o~
=
< 41-50  BACKD F B, = coefficient for exponential
backeround (dimensionless or bamns)
background (dimensionless or bams)
51-60  BACKF F B, = exponential decay constant (/eV )
61-62 IF(i) 2 Vary ANORM7 -i or O for no A negative value here
63-64 1F(2) 12 Vary BACKA? 1 for yes indicates that the value of
65-66 IF3) 12 Vary BACKB? this parameter is changed
67-68 IF(4) il Vary BACKC? from earlier runs; only
69-70 IF(5) 12 Vary BACKD? unvaried parameters may
71-72 IF(6) 2 Vary BACKF? be changed in this fashion
3,5, 1-10 DNORM F Absolute uncertainty on ANORM
etc. 11-20 DBACKA F Absolute uncertainty on BACKA
21-30 DBACKB F Absolute uncertainty on BACKB .
o 31-40 DBACKC F Absolute uncertainty on BACKC
& 41-50 DBACKD F Absolute uncertainty on BACKD
@ 51-60 DBACKF F Absoiute uncertainty on BACKF
o ,
Last  (blank)




Table VIB.1 (continued)

€'IA UON0dS
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Card set, Which Variable For- ;
No. of cards  card  Column name mat Meaning (units) ) Values Notes
7, at least 3 1 First WHAT AS Alphanumeric indicator RADIUs parameters come Only the first five characters are
few of what comes next next required
2 1-10 PAREFF  F10 Radius (F) to be used > 00
for potential scattering
11-20 PARTRU . F10 Radius (F) to be used (a) Greater than zero Use value given
for penetrabilities and
shifts, (b) Negative The (absolute value) of the
. number given is the ratio of mass
or (if negative), of the sample nucleus to that of a
neutron. SAMMY then
Negative of the ratio of calculates PARTRU using 1.23
the mass of the sample (AWRD! + 0.8 which is the
nucleus to that of a ENDF formula, converted to
neutron FERMI
©) 0.0 SAMMY uses the value of CRFN
from INPut file or from Card Set
4 of PARameter file for.
PARTRU
21 ICHAN 11 Channel flag 0 if applies to every channel
1 if applies to certain
specified channels only
22 IFLEFF I Flag to indicate whether 0 if not varied

PAREFEF is to be varied > 0 if varied
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Table VIB.1 (continued)

Card Set,

No. of Which Col- Variable For-
cards card umn name mat Meaning (units) Values Notes
11 4 1-5 WHAT A5 Descriptor for this card , FINIT Finite-size corrections for
cont., 7 1FLAGI I1 Flag to indicate whether parameter 0O or 1 differential elastic cross sections
at least : ATTNI is to be varied
3 9 IFLAGO I Flag to indicate whether parameter 0 or 1
ATTNO is to be varied
11-20 ATTNI F10  Incident-neutron attenuation See Section III.LE
(atoms/barn)
21-30 DTTNI "~ F10  Uncertainty on ATTNI This card may be omitted if not
, (atoms/barn) needed. This card may be
31-40 ATTNO F10  Scattered-neutron attenuation repeated, once for each angle.
(atoms/barn) If the card occurs only once, the
41-50 DTTNO F10  uncertainty on ATTNO same attenuations are used for
(atoms/barn) each angle
5 1-5 WHAT AS : GAMMA  Use the same radiation width for
6-7 IG 12 Spin group number ; ~all resonances in this spin
1120 GAMGAM F10  Reduced radiation width for all group. T, is assumed to be
’ resonances in spin group IG varied.
21-30 DGAM F10  Uncertainty on GAMGAM This card may be omitted
6 1-5 -WHAT AS TZERO See Section III.A.2.c for
7 IFTZER 11 Flag whether to vary ¢ OQorl description
9 IFLZER I Flag whether to vary L Oorl
11-20 TZERO F10 ¢ (ps) 0.0
21-30 DTZERO F10  Uncertainty on ¢ o (us)
31-40 LZERO F10 L, (dimensionless) 1.0
41-50 DLZERO F10  Uncertainty on L :
(dimensionless) This value for fpl is used only if
51-60 DIST F10  Flight path length (m) DIST is zero (see INPut File,

Card Set 5, page 104)
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Table VIB.1 (continued)

Cod 8ot Which Col-  Variable  For- |
cards card umn name mat Meaning (units) Values Notes
1, 7 1-5 WHAT A5 SIABN Abundances for self-indication
cont. 6-7- IF} 12 Flag to vary SIABND(1) transmission sample
89 1IF2 12 Flag to vary SIABND(2)
10 IF3 I Flag to vary SIABND(3) Note that nuclides are defined
11-20  SIABN(1) F10  Abundance for nuclide # 1 in Card Set 10, which must
21-30 dSIABN(1) F10  Uncertainty for nuclide # 1 occur before Card Set 11 in
31-40 SIABN(2) F10  Abundance for nuclide # 2 the PARameter file
41-50 dSIABN(2) F10  Uncertainty for nuclide #2
51-60 SIABN(Q3) F10  Abundance for nuclide # 3 Repeat this card until all
61-70 _dSIABN(3) F10 = Uncertainty for nuclide # 3 nuclides have been included
8 1-5 WHAT AS SELFI ~ Temperature and thickness for
6-7 1FTEMP 12 Flag to vary temperature Oorl transmission sample for self
8-9 IFTHCK 12 Flag to vary thickness Oorl indication experiment
11-20 SITEM F10  Effective temperature for self- ’
indication transmission
sample
21-30 dSITEM F10  Uncertainty on tempreature
SITEM This card may be omitted
31-40 SITHC F10  Thickness (atoms/barn)
41-50 dSITHC F10  Uncertainty on thickness

SITHC

A4



Table VIB.1 (continued)

&
a Card Set,
8 No. of Which . Variable For- :
< cards card  Column  pame mat Meaning (units) Values Notes
W I1 cont., 9 1-5 WHAT AS EFFIC Efficiency for capture and for fission for
at least 3 eta calculation
6-7 IFCAPE 2 Flag to vary capture efficiency Oortl
8-9  IFFISE I2 Flag to vary fission efficiency 0orl
11-20 EFCAP F10 Efficiency for detecting capture
events ,
21-30  EFFIS F10  Efficiency for detecting fission
events
31-40 dEFCAP F10 Uncertainty on capture efficiency
‘41-50 dEFFIS F10 Uncertainty on fission efficiency ~This card may be omitted
10 1-5 WHAT AS DELTE Delta-E is energy-dependent as described
1o 7 IFLAGI 2 Flag to vary DELE1 Qorl on page 69, Section IV.A.2.b, Eq.
g’ 9 IFLAGO 12 Flag to vary DELEO Oorl (IVA2bL.7)
— 10 IFLAGL I Flag to vary DELE2 Qorl
g 11-20 DELEl F10 Coefficient of E in Eq. (IVA2b.7)
(m / eV)
21-30 DI F10 Uncertainty on DELEI1
31-40 DELEO F10 Constant term’ in Eq. (IVA2b.7)
(m)
41-50 DO F10 Uncertainty on DELEQ
51-60 DELE2 F10 Coefficient of log term in Eq.
o (IVA2b.7) (m/ In(eV))
61-70 D2 F10 Uncertainty on DELE2 This card may be omitted if unneeded
Last  (blank)

€7 98eq
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Table VIB.1 (continued)

g'IA U01d3S

Y dzar

Col- Variable
umn name Meaning (units) Values Notes
1-5 WHAT Alphanumeric indicator of =~ PARAMagnetic  Paramagnetic cross section
what comes next parameters are given here
(see Section V.H)
1-5 WHAT Which particular nuclide ™ ,ER , (Two letters followed by
: HO three blanks)
6-7 IFA Flag whether to vary 4
8-9 IFB Flag whether to vary B
10 IFP Flag whether to vary P
1120 A A of Eq. (VH.1) See Section V.H for default
21-30 dA Uncertainty on A values
31-40 B B of Eq. (VH.1)
41-50 dB Uncertainty on B
51-60 P P of Eq. (VH.1)
61-70 dP Uncertainty on P
6-7 ISO Isotope (nuclide) number 1
for this paramagnetic cross
section
89 IFC Flag whether to vary C
1120 C C of Eq. (VH.1)
21-30 dcC Uncertainty on C
(blank)

$7 95ed
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Table VIB.1 (continued)

Card Set,  Which Col-  Variable  For- »
No. of cards  Card umn name mat Meaning (units) Values Notes
14, at 1 first WHAT AS Alphanumeric indicator of what RPI Resolution First five characters must be
least 3 few comes next function present; the rest are optional
2 1-5 WHAT AS Descriptor for this card BURST Burst width is on this card
6 ip : 11 Flag whether to vary burst width Qorl
. 11220 p F10 Full width at half max of burst (ns) See Table IVG.1 on page 92v
2130 dp F10 Uncertainty on burst width for default values
3 1-5 WHAT AS Descriptor for this card TAU (two spaces  This card gives parameters for
. needed) t from Eq. IVGL1.5)
6-10 irl,ir2, 5N Flags whether to vary T 0 or 1 for each
i73,ir4 fori =1to§
i75
11-20 TAUI1 F10 7, from Eq. (IVG1.4) pg 92u See Table IVG.1, page 92v
21-30 TAU2 F10 T,
31-40 TAU3 F10 T3
41-50 TAU4 F10 = =74
51-60 TAUS F10 75
6170 TAU6 F10 g
71-80 TAUT . F10 Ty
4 6 ir6 § Flag whether to vary 7¢ Gorl
7 irl It Flag whether to vary 7, Qorl
11-80 DTAUI 5F10 Uncertainties on 7;
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Table VIB.1 (continued)

Card Set, Which Col-  Variable
No. of cards card umn name Format Meaning (units) Values Notes
14, cont. 5 1-5 WHAT A5 Descriptor for this card LAMBDa
6 ILAMO I Flag whether to vary A, Oorl
7 ILAMI I Flag whether to vary A, Oorl
8 ILAM2 I Flag whether to vary A, Oori
9 ILAM3 I Flag whether to vary A4 Oori
10 TLAMA4 I Flag whether to vary A, Oort
11-20 LAMO F10 Value of A,
2130 LAMI F10 Value of A, See Eq. (IVGI1.3) and Table IVG.1
31-40 LAM2 F10 Value of A, :
41-50 LAM3 F10 Value of A,
51-60 LAMA4 F10 Value of A4
6 11-60 DLAMO F10 Uncertainty on LAMO
' DLAMI1 F10 Uncertainty on LAM1
DLAM2 F10 Uncertainty on LAM2
DLAM3 F10 Uncertainty on LAM3
DLAMA4 F10 Uncertainty on LAM4




"

d'IA UOLO9S

() 11721

67 98eq

Table VIB.1 (continued)
Card Set,  Which Col-  Variable  For- _ :
No. of cards  card umn name mat Meaning (units) Values Notes
14, cont 7 1-5  WHAT AS Desgcriptor for this card Al (That’s “A one, 3 blanks™)
6 IAAl Il Flag whether to vary q, Oorl
7 1AA2 n Flag whether to vary a, Oortl
8 TAA3 I Flag whether to vary a, Oorl
9 IAA4 Il Flag whether to vary a; - Oorl
10 1AAS 11 Flag whether to vary as : Oori
11-20  AAl F10 a ‘
21-30 AA2 F10 a, See Eq. (IVG1.5) and Table
3i-40 AA3 Fi0 a, ‘ IVG.1
41-50 AA4 F10 a,
51-60 AAS F10 as
61-70  AA6 F10 dg
71-80 AA7 F19 a,
8 6 IAA6 11 Flag whether to vary ag Oorl
7 I1AA7 n Flag whether to vary a, Oorl
11-80 DAAI 7F10  Uncertainties on q,
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Table VIB.1 (continued)

Card Set, Which Col- Variable
No. of cards card umn name Format Meaning (units) Values Notes
9 1-5 WHAT A5 Descriptor for this card EXPON
6 IT0 I Flag whether to vary ¢, Oort
7 1A2 I1 Flag whether to vary 4, OQorl
8 IA3 I Flag whether to vary 4, Oorl
9 IA4 It Flag whether to vary 4, 0orl
10 IAS 11 Flag whether to vary A; Oortl
11-20 TO F10 ty
21-30 A2 F10 4, See Eq. (IVG1.2) and Table IVG.1
31-40 A3 F10 A,
41-50 A4 F10 Ay
51-60 A5 F10 As
10 11-60 DTO, DAi 5F10 Uncertainties on ¢, and 4,
1 1-5 WHAT A5 Descriptor for this card CHANNel crunch boundaries
7 ICH I1 Flag whether to vary channel width 0 or 1
11-20 ECRNCH FI10 Highest energy for this channel ‘
width ¢ (eV)
2130 CH F10 . Value for channel width ¢ (nsec) See Section IV.G.1
31-40 DCH F10 Uncertainty on channel width (nsec)
12, Just Repeat card 11 as many times as
etc. like 11 needed, end with blank card
Last  (blank)
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Table VIB.1 (continued)

Card Set,  Which Col-  Variable For- _
No. of cards  card umn name mat Meaning (units) Values Notes .
Alterna- 1 first WHAT AS Alphanumeric indicator of what RPI Transmission resolution  First five characters
tive to few comes next function (capitalized) must be
14, at or present; the rest are
. least 1 RPI Capture resolution _ optional
function
2-10  Default values for transmission or capture, as defined in Table IVG.1 on page 92 w, will be used. No input is needed here.
i 1-5 WHAT AS Descriptor for this card CHANNel crunch ‘
boundaries
7 ICH 11 Flag whether to vary channel width Oorl
11-20  ECRNCH F10 Highest energy for this channel
width ¢ (eV)
2130 CH F10 " Value for channel width ¢ (nsec) See Section IV.G.1
31-40 DCH “F10 Uncertainty on channel width (nsec)
12,  Just Repeat card 11 as many times as -
etc. like 11 needed, end with blank card
Last  (blank)
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Table VIB.1 (continued)

Card Set Which Col- Variable For-
No. of cards card umn name mat Meaning (units) Values Notes
15, at | first WHAT AS Alphanumeric indicator of what DETECtor - First five characters must be
least 3 few comes next . efficiencies present; the rest are optional
2 1-10  PARDET(1) F10  Detector efficiency appropriate for >0 See Section V.K page 98u.
these spin groups
11-20 DELDET(1) F10  Uncertainty on this detector
efficiency
21-22 IFLDET() 12 Flag whether to vary this detector 0 = do not vary
efficiency 1 = vary
23-24 - IGRDET(1,1) 12 Number of the first spin group If more than 29 spin groups are
belonging to this isotope needed, insert "-1" in Columns
79-80, and continue on the next
25-26 IGRDET(2,1) 12 line with (1615) format. When
there are more than 99 spin
etc. groups altogether, all I formats

on Card 2 are changed from I2 to
IS

3, repeat card 2 for second (third, etc.) detector efficiency

etc.

Last  (blank)




V) VI.C THE DATa and Data CoVariance FILES

Several possible formats are offered for inputting experimental data into the current version
of SAMMY; these are described in Subsection VI.C.1. .ASCII versions include the original
(MULTI-style) data file with three data points per line, a format consistent with CSISRS data,
and a twenty-significant-digit format to meet the need for high precision.

Two distinct treatments of data covariance matrices are provided. The first, which is
denoted the “explicit” covariance, is provided directly by the user and is described in Section
VI.C.2. The second is denoted the “implicit” data covariance (idc) because the covariance
matrix is never generated per se; rather, the matrices necessary for the proper solution of Bayes’

equations (see Section IL.A.1) are generated from input provided by the user. The idc option is
described in Section VI.C.3.

Section VI.C 123 RS) Page 1






VIL.C.2. Exphclt Data Covanance Matrlces

Two options for off- d1agonal data covariance matrices are available within SAMMY. The
first, which is labeled “explicit,” is treated as a regular off-diagonal covariance matrix; see the
description of Bayes® Equations, Section II. Use of the explicit data covariance matrix thus
requires inversion of an NxN array, where N is the number of data points. The second,
“implicit” data covariance matrix (described in SectionII.A.2) is input as a specific mathematical
form, and is treated by a more sophisticated mathematical process that does not require inversion
of such a large matrix. When either formulation could be used, the implicit is recommended
since the implementation is more efficient.

Table VIC2.1 shows the format for a data covariance (DCV) file, to be included when each
covariance matrix element is given exphcltly The name of this file must be specified in Card
Set 3 of the INPut file (Tables VIA. 1 and VIA.2) in columns 31-40 of the Card reading “DATA
COVARIANCE FILE is named .

Occasionally it may be convenient to introduce a constant on- and off-diagonal data
covariance in the neighborhood of a non-s-wave resonance, permitting effective decoupling of
any underlying / = O state from the non-s waves. This is effective because an additive constant
covariance is mathematically equlvalent to a constant, coherent correction term for either the -

Table VIC2.1 Format of the Data CoVariancq file

Card Column Variable Format Meamng

1 1-10  VARDAT(1,1) Fl0.  Variance for datapoint 1

2 1-10 VARDAT(2,1) F10.1 Covariance between data points 1 and 2
11-20 VARDAT(2,2) F10.1 Variance for data point 2 ’

1-10 VARDAT(3,1) F10.1 Covariance between data points 1 and 3
11-20  VARDAT(3.,2) F10.1 Covariance between data points 2 and 3
21-30  VARDAT(3,3) F10.1 Variance for data point 3

4 1-10... VARDAT(®4.,1) F10.1
etc.

L8]

Note that the ordering of data points is low to high (independent of the ordering in the DATa file), and only those data points
actually used in the calculation can be referenced in the DCV file. A maximum of eight matrix elements are to be included on
one line; thus “card number 11", for example. will actually be two lines, with eight numbers on the first and three on the second.

Section VI.C.2 127 (R5) | Page 1



data or the theory. (Algebraic details are presented in Appendix A of the original SAMMY
report [NL80].) This type of off-diagonal data covariance matrix can be generated automatically
by SAMMY;; details for input are given in Table VIA.2 under the category “Input Control” and
in Card Set 1, columns 68 to 80, of Table VIB.1.

Ailother type of explicit off-diagonal data covariance matrix which can be automatically
generated by SAMMY is of the form

V=Y (a+bE')(a+bE’) , - (VIC2.1)

where ¥V is provided by the user, £ is the energy for data point i, and a and b are constants
chosen by the user. This type of covariance is useful if there are energy-dependent coherent
uncertainties in the data, for example, if a subtracted background is imperfectly known. Input
for this option is given in Card Set 7 of Table VIA.1, and the “Input Control” statement “DATA
HAS OFF-DIAGONAL contribution . . .” of Table VIA.2.
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VI.C.3 Imphclt Data Covarlance Matrlces

As described in Section II (Bayes Equatzons) it is pos51ble for SAMMY to treat certain
types of data covariances without actually generating the complete off-diagonal data covariance
matrix. These types are labeled Implicit Data Covariances (IDC) and may be understood as
follows:

The data-reduction process, which is generally performed by the experimentalist who
measured the data, includes background subtraction and normalization, as well as other
corrections (for deadtime, self-shielding, etc.). This process produces off-diagonal data
covariance matrix (i.e., Systematic errors), which should then be included (along with statistical
errors) in the analysis process. To reconstruct the covariance matrix due to the background and
normalization corrections, SAMMY assumes that the “corrected” data D and the “original” data

"R are related via

D(E) = gglf_);_b_g_@ , , (VIC3.1)

in which a and b are defined as in Section V.E.1 (Explicit Normalization and/or Background
Functions). Corrections applied to the gxperimental data are opposite to those applied to the
theory; that is, for experimental data the background is subtracted before dividing by
normalization, and theoretical values are first multiplied by the normallzatlon before adding the

background.

Values and uncertainties (as well as possible correlations) for the normalization and
parameters should be determined by the experimentalist. However, the analyst may wish to
apply further corrections to the data. In this case, the analyst can run SAMMY, including
normalization and/or background functions in the parameter file with the parameters flagged
(varied) in order to determine the correct values for the parameters. The next step would be to
produce a modified data file; this step can be accomplished with SAMMY by including a
command line “REFORMULATE DATA FOR implicit data covariance” in the INPut file.
SAMMY will then produce a file SAMMY.DA2 in the same format as the analyst’s DATa file,
with the data values corrected according to Eq. (VIC2.2). Note that uncertainties in this data file
will not be changed (except to divide by the normalization q, if the uncertainties in the file are
absolute rather than relative): This file, like the original, contains only statistical, but not
systematic, errors. SAMMY will also produce a file SAMMY.IDC which contains the
normalization & broadening information, and a new parameter file SAMMY .PA2 identical to
the analyst’s PAR file except for the absence of the normalization and broadening information.
The uncertainties in SAMMY .IDC can then be modified (or added) to be the proper experimental
uncertainties on the normalization and broadening parameters, to be used in further SAMMY
runs.

In subsequent SAMMY runs for that data set, the INPut file contains the command line
“IMPLICIT DATA COVARIance matrix is to be used.” SAMMY then looks for the IDC file,
whlch uses the same formats as portlons of the PARameter file. In partlcular Card Set 6

Section VI.C.3 1282 (RS) - Page 1



(NORMAlization and background) and Card Set 13 (BACKGround functions) can be included
in this file; see Section V.E.1 on page 98g for a description of these functions. Any correlations
between values should also be given here, using again the formats of the PARameter file for
EXPLIcit uncertainties (Card Set Last, first alternative).

Within SAMMY, the Implicit Data Covariance information is treated as described in

Section ILA.1.a, page 14a. Note that the SAMMY user need never generate off-diagonal data
covariances directly.

For examples on the use of IDC, see test case TR70.
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VLE. THE AVeraGeFILE . . ..

In Sect. V.C (page 98a and following), descriptions are given of the way SAMMY can
be used to produce energy- averaged, time-averaged, or Bondarenko-averaged cross sections and
the associated covariance matrix. To invoke these options, alphanumeric command cards must
be included in the INPut file. For energy- or time-averaging (Section V.C.1, page 98b.1), the
command is

AVERAGE OVER ENERGY ranges.

For Bondarenko averaging, the command is

GROUP AVERAGE OVER Energy ranges, oOr
BONDARENKO AVERAGE Over energy ranges.

One or more additional files are required, which are denoted the AVG (AVeraGe) files or BON
(BONdarenko) files; their names are given to SAMMY on unit 5 (teletype or batch; see Table
VID.4), directly following the first data file. Formats for AVG files are given in Table VIE.1,
and for the BON files in Table VIE.2. Note that the two types of files follow very much the same
format, except the BON files require additional input parameter values.

Table VIE.1. Format of the AVG file

Variable | Possible

— oo - Meamng
Number umn Name  Format  (units) Values Notes
i 18 TITLE As0 | |
2 110 TYPE AI0  typeof . “energy-ave”  energy- or
averaging to or time- average
be used “time-avera”
3 110 EMIN Fl0x  Minimum o
energy for this
range (eV)

1120 EMAX Fl0x  Maximum IFEMAX =0,
energy for this use EMAX =
range (eV) EMIN from

next card
4,5,..  (repeat Card 3 as many times as needed) -
last (blank)
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Table VIE.2. Format of the BONdarenko file

Card Col-  Variable  Form Meaning Possible
Number umn  Name at (units) Values Notes
1 1-80  TITLE A80 ;
2 1-10  TYPE A10  typeof “bondarenko”  Currently this
averaging to in either upper  is the only
be used or lower case  option; others
may be added
later
3 1-10  EMIN F10.x Minimum
energy for this
range (eV) , .
11-20 EMAX F10.x Maximum IfEMAX =0,
energy for this use EMAX =
range (eV) EMIN from
next card
4,5,. (repeat Card 3 as many times as needed)
6 (blank)
7 1-10  TYPE A10  typeof “bondarenko”  Again this is
parameters to  in either upper the only
be used or lower case = option; others
may be added
later '
8 1-10  ebonda(l) F10.x Energy (eV)
11-20 bondar(l) F10.x Value of C(E) at E =ebonda(l) Eq.(VC2.2)
21-30  s1g000 F10x o, Eq. (VC2.2)
9 1-10  ebonda(2) F10.x Energy (V)
11-20 bondar(2) F10.x Value of C(E) at E = ebonda(2)
10, 11,... (Repeat Card 9 as many times as needed. Value of C(E) is interpolatéd linearly
between the points specified.)
last (blank)
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- VL.LF TO PRODUCE A FILE IN ENDF-6 FORMAT

SAMMY is capable of converting information obtained from the usual SAMMY INPut
and PARameter files (plus a modest amount of additional input) into ENDF-6 File 2 format,
using what ENDF-102 calls the “Reich-Moore representation.” To invoke this option you need
to include the following card in your INPut file:

ENDF/B-VIFILE 2 IS WANTED

(This may be shortened to “ENDF” if desired.) In addition, you will create a new file, whose
name you supply to SAMMY in the site in which SAMMY would normally expect the DATa
file name. Contents of this file are shown in Table VIF.1. SAMMY will produce a file called
SAMMY .NDF, which contains the appropriate cards for ENDF-6 File 2.

In SAMMY .NDF, resonance energies are given in F format, to as many significant digits
as possible given the limitation of eleven columns, Widths are given in E format, with, however,
the “E” suppressed and the exponent given as one d1g1t if possible. The angular momentum
parameter AJ is specified as + J, where the sign denotes the channel spin s (AJ = -J denotes
s = I-i, with i = 1/2 for neutron; AJ = +J denotes s = I +i.); this is in compliance with the
format change approved by the Cross Section Evaluation Working Group at the November,

1999, meeting [ENDF 99].
Table VIF.1 ENDF Input File
o S — ——
Set  Number Variable ~ mat v Notes
1 1 ZA F These are ENDF Var1ables and thus follow the
AWR - F  ENDF-6 rules for determining their values. Often,
' but not always, ZA has the value (1000 * Z + A).
AWR is the ratio of the mass of the sample to the
neutron mass (ratio-to-neutron is standard ENDF
units).
LRF I LRF specifies which ENDF format is to be used;
: LRF =3 (Re1ch-Moore) is default.
MAT 1 ENDF MAT number (default = 99)
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Card  (card For-
Set  Number Variable mat » Notes
2 1 SPI(1) F  These are also ENDF-6 variables, and are defined
ZAI(1) respectively as the ground state spin, the (Z,A)
ABN(1]) value, the abundance, and the ratio of the isotopic
AWRI(1) mass to that of a neutron. The default for
AWRI(1) is AW/aneutron, where AW is the value
given in the SAMMY files and aneutron is the
mass of a neutron.

2 LENDFG(1,1) I  Angular momentum for the first ENDF spin

group

KENDFG(1,1,1) I  SAMMY spin groups that belong to this ENDF

KENDFG(2,1,1) I spin group. Note that there may be more than one

: SAMMY group per ENDF group, since ENDF
groups consist of energy-ordered sets of all
resonances with the same L, while SAMMY
groups are defined by both J and L. SAMMY will
check to be sure the groups you specify have the
correct L-value, and give you an error message if
they don't.

3 LENDFG(,1) I  Angular momentum for ith group (2nd, 3rd, etc.)
KENDFG(L,1,1) I  SAMMY groups belonging to this ENDF group
KENDFG(2.,i,1) |

4 Repeat Card 3 as many times as necessary

Last  (blank)

3 Repeat Card Set 2 as many times as necessary, once for each nuclide
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VLG USING ENDE/B FILE 2 AS INPUT TO SAMMY

Instead of manually creating a SAMMY-type PARameter file and an entire SAMMY-
type INPut file, a user may retrieve resonance parameters (File 2) from the Evaluated Nuclear
Data Files (ENDF) Library [NNDC] and use that file directly as input to SAMMY. The first
portion of a SAMMY-type INPut file is still required; this file contains Card Sets 1-8 but no
others (see Table VIA.1). Included in Card Set 3 of the INPut file must be the line

INPUT IS ENDF/B FILE

The name of the ENDF/B File-2 file is included in the input stream where the name of the
PARameter file is called for.

Output from a run using an ENDF file for input includes two additional files not usually
found in SAMMY output. The first is SAMNDF.INP which is a SAMMY-type INPut file
containing the spin group information in Card Sets 9 and 10. The second is a SAMMY-type
PARameter file containing the resonance parameter information from the ENDF file, translated
into SAMMY formats. These two files can then be used for subsequent SAMMY runs.

Caveat: Only isotopic ENDF files can be used in this fashion. For example, one could
use the file for 8Si but not the file for natural silicon. Note also that it is only the File-2 portion
~ of the ENDF file which is to be included; that is, the user must extract File 2 from the complete
ENDF file before using it as input to SAMMY. SAMMY has no provisions for reading and/or
using other portions of the ENDF file. [The one exception is in the evaluation of the stellar
averages, for which ENDF File 3 may be included. See Section VIL.H for details.]
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In order to generate stellar (Maxwellian) averages of capture cross sections (see Section
V.F), two pieces of input are needed. In the alphanumeric portion (Card Set 3) of the INPut file,
the line

MAXWELLIAN AVERAGED capture cross sections are wanted
or
STELLAR AVERAGED CAPture cross sections are wanted

must be included (the two phrases are treated identically within the code). It is also necessary
to specify the temperatures at which the stellar averages are to be calculated; these are given in |
a “MXW” file whose name is specified immediately following the name of the DATa file in the
input stream. The format of the MXW file is one temperature per line, in F10.1 format, in units
of eV.

When calculating stellar averages, it is often desirable to include cross sections at
energies above the resolved-resonance region. In SAMMY, this may be done by providing the
“smooth cross section” in the ENDF File 3 format. Users must also include the following line

ADD CROSS SECTIONs from endf/b file 3

" in the alphanumeric portion of the IN_Put file.

For users unfamiliar with ENDF formats, a description of the relevant portions of File
3 is presented in Table VL.H.1. Note that the parameter INT specifies an interpolation scheme
for NBL energy points. For INT = 1, the cross section from E; to E,., is constant and equal to C;.
For INT = 2, the cross section for E; < E <E,,, is linearly interpolated between the two values.
[Note that other options are available in ENDF but only these two have been implemented in
SAMMY ] .

Examples for stellar averaging are given in Test Cases tr42, tr49, and tr51.
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Table VIH.1. Format for File-3 cross sections to be added for stellar averages

]\Elill;celr Variable ucr;lm-s Format Notes
1 (Nothing on this card is important to SAMMY runs)
2 NR 45-55 111 Number of energy regions
NP 56-66 I11 Total number of energy points to be specified
3 NBT(1) 1-11 11 Number of energy points in region 1

INT(1) 12-22 111 Interpolation type for region 1 (INT=1 implies
: constant, INT=2 implies linear; contact the
SAMMY author if other options are needed.)

NBT(2) 23-33 111 Number of energy points in region 2

INT(2) 34-44 11 Interpolation type for region 2

NBT(G)  45-55 111 Number of energy points in region 3
INT(3) 56-66 111 Interpolation type for region 3 '

4,5,... Repeat Card 3 until all NR regions have been speciﬁed. Note that the sum of the
NBT values must equal NP.
6 E(1) 1-11 Fllx  Firstenergyvalye
| C(1) 12-22 Fl1l.x  Value of cross section at energy E(1)
E(2) 23-33 F1l.x  Next energy value
C(2) 23-44 Fll.x  Value of cross section at energy E(2)
E(3) 45-55 Fll.x  Next energy value |
C(4) 56-66 F1l.x  Value of cross section at energy E(3)

7,8....  Repeat Card 6 until all NP energy points have been specified
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VILA LINE-PRINTER OUTPUT

The first two output files (the “LPT” and the “IO” ﬁles) are intended for visual
inspection. The LPT file contains full output, detailed to the extent specified by the user in the
INPut file (see Table VIA.1 and .2).

The IO file merely lists initial and final parameter values; at some point in the near future,
the author intends to eliminate the IO file unless there is great demand to maintain it.

The LPT file contains a wealth of information with which users should become familiar.
Here you find, among other things,

» Input file names;

 Title for the run (taken from your INPut file);

» Values for varied and fixed parameters;

+  Verbatim alphanumeric commands (with notification if the command is not recognized);
» Chronological listing of the SAMMY segments used in the run;

» Updated parameter values, uncertainties, and correlation values;

» Chi-squared values;

s  Error messages, if applicable.

Sample LPT files may be found among the output for the test cases or for the tutorial exercises.
See Sections X1.D and X.D respectively.

Itis strongly recommended that novice SAMMY users examine the LPT file for each run,
to be'sure SAMMY is interpreting input as the user intended. Even experienced SAMMY users
should regularly look at the LPT file, especially when output parameter values or chi-squared
values are puzzling or when the run ends abnormally. Such problems are often the result of user

- input errors, which can frequently be discovered by comparing intended input values with the

values as listed in the LPT file. In addition, the LPT file often provides error messages to guide
the user into fixing an input error. Error messages are also provided for abnormal aborts for
common input errors. (Please notify the author if you have suggestions for a more informative
error message for your favorite mistake.)
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VILB OUTPUT TO BE USED AS INPUT

The next two output files (the “PAR” and the “COV” files) are intended to be used as
input to another SAMMY run. The PAR file is as described in Sect. VLB, with the “third
alternative” chosen for the “last” Card Set of Table VIB.1. R

In very early versions of SAMMY, the output “binary COVariance file” contained only
the new (updated) covariance matrix for physical parameters (i.e., not for the u-parameters; see
Sect. I.C). Output parameter values were stored in the output PARameter file. When these two
files were used as input to another run, the covariance matrix for the u-parameters was generated
from Eq. (IC.1).

Two drawbacks to this scheme led to expansion of the COV file. First, unnecessary
computer time was spent in making the conversion back to u-parameters. Second, and more
important, was the loss of precision between runs. In converting from u- to physical parameters,
storing these in ASCII format, reading them back in for the next run, and converting back to u-
parameters, often the last several significant digits were lost. One would expect that analysis of
two energy regions, first in two separate executions of SAMMY, then in one execution but still
analyzing the two regions sequentially, should give identical results. With the early storage
scheme, small differences occurred; with the current scheme, no discrepancies are found.

In the current storage scheme, the output PARameter file has not changed from earlier

- versions. However, SAMMY users should be aware that

If a COVariance file is specified, SAMMY will use parameter values given in
the (binary) COVariance file rather than those given in the PARameter file.

That is, all parameter values are taken from the values stored in the binary COVariance file; these
values are more precise than those in the PARameter file. The few exceptions to this rule occur
only for certain unvaried (and properly flagged) parameters; see Table VIB.1 for specifics.

Table VIIB.1 shows which variables are mitte;l in what order in the COVariance file.
Dotted lines separate values kept in separate records.

Occasionally a user may wish to modify the contents of the COVariance file (and
associated PARameter file), in order to de-activate a measurement-related parameter (e.g.,
sample thickness or Doppler temperature) and activate the comparable parameter for the
measurement to be analyzed next. This may be accomplished using the program SAMAMR; see
Sect. VIILA for details.
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Table VIIB.1 Binary COVariance file

Variable names (with
dimension in parenthesis)

Meaning

Title

test which version of the SAMMY code wrote
this COV file

. IFLPOL(2,NRES)

JJ1333(200) array dimensions, etc.
ALLVR(NPAR) covariance matrix for physical parameters,
_ stored in NPAR separate records
VRPR(NPAR) covariance matrix for u-parameters, stored in
NPAR separate records
U(NPAR) values of u-parameters
PKEN(NRES) resonance energies
GGA(NRES) gamma widths
GSI(NTOTC,NRES) particle widths
IFLRES(NTOTCZ,NRES) ordinal numbers for varied resonance parameters i
IGROUP(NRES) number of the spin group to which the resonance
belongs
BETAPR(NTOTC,NRES) (related to particle widths)
_"GBETPR(3,NRES) (related to gamma widths)
BETA(NTRIAG,NRES) (related to particle widths)
POLAR(2,NRES) optional; fission width in polar coordinant
system
optional; ordinal numbers for vari_ed polar

fission widths

IFLEXT(NREXT,NTOTC,NGROUP)

ordinal numbers for varied R-external
parameters

R-external parameters

. PAREXT(NREXT,NTO’I:_C,NGROUP)
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~‘Variable names (wrth |

Meanmg

dimension in parenthesis)

values of the several radu Spln groups to Whlch e

IGRRAD(NGROUP),
PAREFF(NUMRAD), they apply, and ordinal numbers for varied radii
IFLEFF(INUMRAD),
PARTRUNUMRAD),
IFLTRUNNUMRAD)
AMUISO(NUMISO), werght fractional abundance parameter
PARISO(NUMISO), numbers, spin groups which correspond to this
IFLISO(NUMISO), isotope
IGRISO(NGROUP)
PARDET(NUMDET) detector efficiency parameters!fer eta R
measurements
IFLDET(NUMDET) ordinal numbers for detector efficiencies |
IGRDET(NUMDET) | -
PARBRD(NUMBRD) “broadenmg” parameters |
IFLBRD(NUMBRD) ordmal numbers for vaned broademng o
, R ~ parameters
DUM(19) related to broadening parameters
PARMSC(N UMMSC) values of miscellaneous parameters
NAMMSC(NUMMSC) names of mlscellaneous parameters
IFLMSC(NUMMSC) ordmal numbers for mlscellaneous parameters
PARPMC(NUMPMC) values of "unused" parameters
IFLPMC(NUMPMC) ordinal numbers for paramagnetic parameters
ISOPMC(NUMPMC)
- PARORR(NUMORR) parameters related to the Oak Ridge Resolution
IFLORR(NUMORR) function option
ECRNCH(NUMORR-11)
'ENDETS(NMDETS)
SESESE(NMDETS)
ESESES(NMDETS)
SIGDTS(NMDETS)
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Variable names (with
dimension in parenthesis)

Meaning

PARRPI(INUMRPI), parameters related to the RPI Resolution

IFLRPI(NUMRPI), function option

ECRNCH(NUMRPI-NNNRPI)

PARBGF(NUMBGF), parameters related to the background function

IFLBGF(NUMBGF), option

KNDBGF(INUMBGF),

BGFMIN(NUMBGF),

BGFMAX(NUMBGF)

PARDTP(NUMDTP) values of data reduction parameters

NAMDTP(NUMDTP) names of data reduction parameters

I[FLDTP(NUMDTP) ordinal numbers for varied data reduction

parameters

PARUSD(NUMUSD) values of “unused” parameters

NAMUSD(NUMUSD) names of unused parameters

IFLUSD(NUMUSD) ordinal numbers for unused parameters

PARBAG(N UMBAG) values of “baggage” parameters

NAMBAG(INUMBAG) names of baggage parameters |

IFLBAG(NUMBAG) ordinal numbers for baggage parameters
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. VIIL AUXILIARY PROGRAMS

- A number of “auxiliary” programs, not an integral part of SAMMY itself, are designed to
be used in conjunction with SAMMY. These programs manipulate SAMMY PARameter and/or
COVariance files, aid in interpreting or illustrating SAMMY mput or output, or offer a means
of comparing SAMMY results with other calculations.

In Section VIIL A the program SAMAMR is described this program is used to rearrange
PARameter and COVariance files to facilitate analyses of disparate data sets with the same
resonance parameter set. (Note that SAMAMR replaces the two codes SAMADD and SAMMIX
described in earlier versions of this report.)

The program SAMEST is described in Section VIIL.B; SAMEST will estimate the storage
requirements for SAMMY, based on information prov1ded interactively by the user; this
information includes such items as the number of resonances, how many parameters are varied,
and how many data points are to be included. (Note with the advent of modern computing
facilities, use of this program is not as crucial as in the past. Hence little time has been spent
maintaining this program. It is the author’s intention to render this program completely
irrelevant in the near future, by converting the code to FORTRAN 90.) '

Program SAMORT, described in Section VIIL.C, is used for plotting the components of the

- Oak Ridge resolution function. Similar plots can be made for the RPI resolution function using

program SAMRPT (Section VIILM) and of the ongmal MULTI-style resolution function
(Section VIIL.L}).

The program SAMCNYV, described in Section VIILD, was designed to read a SAMMY
binary COVariance file and produce an ASCII file contalmng the complete covariance matrix
for all resonance parameters.

The program SAMSTA, described in Section VIILE, is used to create a file from which
“staircase plots” of the resonance from a SAMMY PARameter file can be generated.

Program SAMPLT, which provides an alternative methodology for generating plots, is
discussed in Section VIILF. (Note: This program has been renamed from SAMBIN.)

Section VIII.G describes program SAMTHN, a simple program for averelging data files
used as input to SAMMY runs.

When angular distribution data are analyzed, results are reported in an ODF file [JC78]
from which plots can be made of energy vs cross section at a fixed angle. To plot angle vs cross
section at fixed energy, it is necessary to reorganize the ODF file; this reorganization is
accomplished with program ANGODF, discussed in Section VIIL.H.
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Quantum numbers can be generated using program SAMQUA,, described in Section VIILL

The task of converting from REFIT to SAMMY input can be eased by use of program
CONVRT, discussed in Section VIILJ.

For assistance in comparing results of calculations performed by dlfferent computer codes,
use program SAMCMP; see Section VIILK for details.

Program LEVDEN is described in a separate manual [NL89, not yet completed]. LEVDEN
is used to fit the level-density formula of Gilbert and Cameron to the number of levels (as given
in a SAMMY PARameter file) in a specified energy region.

Program SAMDIS (elsewhere named SAMDIST) is used for calculating statistical
distributions for R-Matrix resonance parameters; see ref. {[LL95]. Level spacing distributions
are calculated according to the Wigner distribution law, distributions for widths are calculated
via y? distributions, and long-range correlations of the energies are tested via the A, statistic of
Mehta-Dyson. A summary of features of this code is given in Section VIILN, along with recent
modifications of the input to the code.

Program SAMSMC may be used for Monte-Carlo calculations of the self-shielding and
multiple-scattering corrections to capture and fission yields. See Section VIII.O.
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VIIL A SAMAMR ADD MIX OR RECOVER VARIABLES

Because the ﬁttmg procedure in SAMMY is Bayes method (Secuon II) rather than ordmary
least-squares, SAMMY may be used for general evaluation purposes: that is, for determining a
set of parameters which simultaneously describe a large number of different types of
experimental data taken at different times and/or at different laboratories. Numerous examples
of such evaluations are given in the references of Appendix D, “Analyses Using SAMMY.”

Perforrmng such evaluations W1th SAMMY presently requires sequential analyses of the
various data sets,' with the output parameter and covariance matrix from the first analyses used
as input to the second, output from the second used as input to the third, etc. If none of the
broadening parameters are varied during the analyses, and if no data-reduction parameters are
included, this will pose no undue difficulty; the analyst simply changes the values of the
thickness and/or of the broadening parameters in the INPut file to correspond to the data
currently being analyzed. However, when any of the broadening parameters are varied, and/or
when normalization or background are included in the analysis, the PARameter and COVariance
files must also correspond to the current data set. The code SAMAMR performs the appropriate
modifications to the PARameter and COVariance files. |

For example, data may come from two or more samples of different thicknesses and at
different temperatures. The initial PARameter file is set up to include thickness and temperature
" appropriate for the first sample; thickness and temperature for the other samples are simply

- omitted. Afterthe analysis of the first data set, code SAMAMR is used to incorporate the second

thickness (as yet uncorrelated to any other parameters) and to “mothball” the correlated but
now-to-be-unused first thickness; a second run of SAMAMR introduces the new temperature
parameter and mothballs the old. The resulting PARameter file can then be used as input for the
SAMMY analysis of the second data set. If, for a subsequent SAMMY run, one of the
“UNUSED” parameters must be resurrected SAMAMR  will 1nterchange the current
BROADening parameter with the appropriate UNUSED parameter.

To illustrate, suppose three data sets are available, taken from three samples at two different
temperatures:

Data Set 1: Sample 1 (thickness n,, Temperature 7))
Data Set 2: Sample 2 (thickness n,, Temperature 75)
Data Set 3: Sample 3 (thickness n,, Temperature T')

The sequence of commands required to properly analyze these data is shown in Table
VIIIA.1. The input PARameter file (TR7AAA.PAR) is listed in Table VIIIA.2. Output
PARameter files are listed in Tables VIIIA.3 through VIIIA.12. (Data and analysis are courtesy

' A planned reformulation of the implementation of Bayes’ method within SAMMY will
. provxde an altematlve to this procedure See Appendlx F for details.
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of F. G. Perey [FP84].) Note that values (and covariances) of the unused parameters are updated
in each SAMMY run, even though the data have no direct effect on those parameters. Rather,
the effect is indirect, via the covariance matrix. Note also that values are never changed in a
SAMAMR run. Complete listings of all INPut, PARameter, DATA, and LPT files for this
example are given in test case TR7, which is available along with the SAMMY FORTRAN from
the Radiation Safety Information Computational Center [RSICC].

SAMAMR was designed to be run interactively (though it can be run in batch once the user
is sufficiently familiar with the input). The code will prompt the user with questions about the
type of operation to be performed, the parameters involved, and values for any new parameters.

Type of operation. The first question asked by SAMAMR is “Do you want to Add, Mix,
Remove, reCover, or Introduce variables?”; the user will type the capitalized letter for the
appropriate operation.

The operations Add and Mix correspond respectively to the operations performed by the old
codes SAMADD and SAMMIX. Add refers to (1) the removal of one parameter to the unused
list and (2) the introduction of another parameter (of the same kind) into the active list. The user
is asked to specify the particular parameter (from a list provided), to give the variable number
for that parameter if it was varied in the run which produced this covariance file, and to give the
value and uncertainty to be used for the new parameter. Mix refers to the interchange of one
unused parameter with the corresponding parameter in the active variable set. The user must
provide the location (variable number) within the unused parameter set.

The operations Remove, reCover, and Introduce are used to reorganize the attenuation or
normalization-and-background parameters when the analysis involves both angle-differential
data (such as the elastic angular distribution scattering data) and other data which are integrated
over angle (such as transmission). The operation Remove moves normalization-and-background
parameters for all angles, or attenuation parameters for all angles, from the active variable set
to the unused variable set. The operation reCover performs the inverse, moving parameters from
the unused to the active set. Introduce allows the introduction of new parameter values and
uncertainties when switching from analysis of angle-integrated data to analysis of angular
distribution data.

Type of parameter. The types of parameters to be treated by SAMAMR are different,
depending on the operation to be performed.

For both Add and Mix, only one parameter is treated at a time; the example shown in Table
VIIIA.1 therefore requires two runs of SAMAMR between each run of SAMMY. The
parameters that can be treated are taken from the following list, in which is also given the Card
Set and Card number from the PARameter file (see Table VIB.1):
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_ (Broadening parameters)

"TEMP , THICK, DEL-L, DEL-G, DEL-E

(Normalization and background parameters)

NORML, BACKA, BACKB, BACKC,

BACKD, BACKF

"(ORR resolution parameters)

' BURST
WATRO, WATR1, WATR2
TANTA '
X1,X2,X3,X0
WWW, ALPHA
D,F,G
DELTA
CHANN

(Card Set 4, Card 3)

(Card Set 6, Card 2)

(Card Set 9, Card 2)
(Card Set 9, Card 3) -
(Card Set 9, Card 3)
(Card Set 9, Card 4)
(Card Set 9, Card 6)
(Card Set 9, Card 8)
(Card Set 9, Card 8)
(Card Set 9, Card 10)

(Miscellaneous parameters, with alternative names in square brackets)

DELTA, DELT2 [DELLI, DELLO]
NU [ETA]

ATTNI, ATTNO [FINIT, FINI2]
TZERO, LZERO

SIABN |

SITEM, SITHC [SELFI]

EFFIC, FISEF [EFCAP, EFFIS)]

DELTE, DELEO, DELE?2 [DELE1, DELEO, DELE2]

CONCR, CONTR

(RPI resolution function parameters)
BURST
TAU.
LAMBD
Al
EXPON
CHANN

In addition to giving the parameter name, as given in the above list, the user will sometimes
also need to specify which parameter of this type is to be used. The name is given in the first
five columns (be sure to leave blanks if the name is fewer than five characters), and an integer
number is then given. For the RPI resolution parameters, the second, third, etc., variable on the
Card (in the PARameter file) are specified by “27, “3”, etc. in the SAMAMR input. See test

case tr87 for examples of this.

Section VIILA | " 140¢ (RS)

(Card Set 11, Card 2)
(Card Set 11, Card 3)
(Card Set 11, Card 4)
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(Card Set 14, Card 7)
(Card Set 14, Card 9)

(Card Set 14, Card 11)



For the operations Remove; reCover, and Introduce, only the parameters ATTEN and
ALLNB may be specified. When ATTEN is specified, all attenuation parameters (both incident
and outgoing, from Card Set 11, Card 4 of the PARameter file) are involved. When ALLNB is
specified, all normalization and background parameters are involved (see Card Set 6, Card 2).
Again, only one type can be be treated during one run of SAMAMR.

When the operation Introduce is used, attenuation or normalization/background parameters
are assumed to be given in a separate file in the same format as used in the PARameter file
(though without the “MISCEllaneous parameters™ or “NORMAlization and background” header
lines of Card Sets 11 and 6). SAMMY will ask for the file name instead of the parameter values.
Test case tr36 shows examples of the use of this feature.

An additional restriction for operations Remove, reCover, and Introduce stems from the
connection between the attenuation parameters and the number of angles: SAMAMR assumes
that removal of attenuation parameters implies changing from angular-distribution data to angle-
integrated data, and that recovery or introduction of attenuation parameters implies the reverse
change. Removal of attenuation parameters, therefore, must be accomplished afer removal of
normalization and background parameters, and recovery or introduction of attenuation
parameters must be accomplished prior to recovery or introduction of normalization and
background parameters.

Test cases t17, tr32, tr36, 179, and tr87 all have examples of the use of program SAMAMR.
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VIILB SAMEST: ESTIMATE ARRAY SIZES |

Array sizes in SAMMY are allocated dynamically during the execution of the program
(see Sect. XI.A for details); this permits more efficient use of the computer's capacity, allowing

larger amounts of data to be analyzed within one SAMMY run. Because arrays do not have

fixed dimensions, it is not possible to give an absolute maximum nurnber of resonances, number
of varied parameters, or number of data points that can be included in any one run; those
maximum numbers are interdependent and not easily specified in general. The program
SAMEST was therefore developed to provide an estimate of the amount of storage required for
the particular configuration of parameters and data that the user has in mind. SAMEST can be
used to decide whether a data set should be analyzed in two (or more) pieces, or whether the-
values of some parameters should be held fixed. SAMEST is designed to run interactively, so
that the user can test as many configurations as needed within one SAMEST run. SAMEST will
give the estimate of the array size (in number of single precision words) needed for each segment
of SAMMY, based on answers to its questions. Questions posed by SAMEST are listed in Table
VIIIB.1 and an example (for an early 1988 ORELA VAX/VMS version of SAMMY) shown in
Table VIIIB.2.

With the advent of modern high-speed and large-memory computers, the importance of
the capability to estimate array sizes has declined considerably. Hence this auxiliary program
has not been well-maintained in recent years. With release of version M5 of the SAMMY code,

. program SAMEST is still available but will not provide accurate estimates. With subsequent

releases of the code, this program is likely to be eliminated completely.
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Table VIIIB.1. Questions asked by SAMEST.

QUESTIONS ANSWERS »

HOW MANY GROUPS? The number of spin groups as defined in the
INPut file

HOW MANY RESONANCES? the number of resonances in the PARameter
file

HOW MANY PARTICLE - the total number of channels; the maximum

CHANNELS ALTOGETHER? of the sum of NENT(i) and NEXT(i) from

Do you wish to give complete
input?

Card Set 10 in the INPut ﬁlg

Y or N; if answer is not Y, questions
beginning with an asterisk are omitted.

*IS R-EXT INCLUDED? Y or N (Sect. IILA.1.a)
*ARE NORMALIZATION Y or N (Sect. V.E.1)
AND/OR BACKGROUND
INCLUDED?
*HOW MANY “DATA” number of data reduction parameters (Sect.
PARAMETERS? V.E2)
*HOW MANY “UNUSED” number of unused parameters (Sect. VIII.A)
PARAMETERS?
*IS DATA IN “STANDARD?” Y or N (Sect. VI.C.1)
ODF FORMAT? |
*How many RADIUS pa:rémeters number of radii (Sect. V.F)
are used?
*How many UNUSED parameters
are there?
HOW MANY VARIED the total number of parameters which are
PARAMETERS? “flagged” in the PARameter file
HOW MANY DATA POINTS? the number of data points that the analyst
: wishes to analyse simultaneously
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VIILC. SAMORT: PLOT THE OR RESOLUTION FUNCTION

When using the realistic resolution function (see Section IV.E) it may be useful to plot both
the individual components of the resolution function and the final composite function. This can
be accomplished using program SAMORT, which requires only the PARameter file and three
other numbers (energy, mass, and flight path length) as input. Output consists of one ASClI file,
as many as five plot (ODF) files, and as many as five additional ASCII files. The first ASCII file
gives details of the case being run, including for example centroids for each component of the
resolution function. Four plot files give time vs. resolution function for each component, and
the fifth gives energy, resolution function, and time for the composite function (so that one can
plot the resolution as a function of either energy or time). As with other plot files produced by
SAMMY, these are in ODF format. For the benefit of SAMMY users who do not have the
ORNL plotting package FORODF, the same information in the ODF files is also given in ASCII
files with extension “PLT”.

A sample interactive (unix) run of program SAMORT is accomplished with the following
lines of input:
samort
a.par
180000.,57.935,201.578

where the energy at which the functions are to be evaluated is 1 80000 eV, the mass of the sample
s 57.935 amu, and the flight path length is 201.578 meters. ' |

The file a.par can be either the complete PARameter file, or may contain only the‘ ORRES
portion thereof. The file may look similar to the following:

ORRES

BURST 1 1.775 .5

TANTA 1 0.200 0.1

'TANTA 1111 01.00 05.00 09.00 04.00.
TANTA 0.005 .005 0.005 0.005
TANTA 11 0.079 1.000

TANTA 0.04 0.5

LITHI 111 5.000 0.392235 1.00°

LITHI 2.000 0.200000 0.500

CHANN 1 200000.000 7.179 4.000

(See Card Set 9 of the PARameter file, Table VIB.1, for interpretation of these numbers.)

Output plot files are as follows: The file SAM_ORR.ODF contains energies in Section 1,
resolution function in Section 2, and time of flight in Section 3. File SAM_ORR_BURST.ODF
contains time of flight in Section 1, and the burst-width component of the resolution function in
Section 2. File SAM_ORR_TANTA.ODF contains time in Section 1 and the tantalum target
component of the resolution function in Section 2. File SAM_ORR_CHANN.ODF contains

Section VIILC R 150 ¢ (RS) " Pagel



time in Section 1 and channel-width component in Section 2. Finally, the file
SAM_ORR_LITHI.ODF contains time in Section 1 and the Lithium-glass detector
resolution function in Section 2.

If the water moderator or the NE110 detector had been used instead, the respecfive
file names would be SAM_ORR_WATER.ODF and SAM_ORR_NE110.0DF.

For a description of the contents of the ASCII PLT files, substitute “column’” for
“section” in the above description.

What follows is the output ASCII file SAMMY.ORR produced by running the

example described above:

p ————————————————————
1.7750E-03
a, w, x1, x2, x3, x0,
1174.
6.8163E-04
c ————————————————————
7.1790E-03
d, £, g =—==cmmme o
5.0000E-03

<t>, tl, t2, t3, t4 --

1.0894E-02

tlow, time, tup ~-----

34.253590

eup , em , elow —-——-~-

181033.71

alpha --
463.6 1.7041E-04 8.5204E-04
1.000
392.2 1.009

8.8750E-04 2.2220E-03 3.5893E-03

34.350633 34.361527

180000.00 179887.66

iEssias s Ess b
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| VIILF SAMPLT: ALTERNATIVE FORM FOR PLOT FILES

Plotting with SAMMY has traditionally been accomplished by means of a set of utility
programs FORODF [JC78]. SAMMY produces “ODF” or “plot” files containing the
information (such as energies and cross sections) from which plots may be made using
FORODF. (See, e.g., Section VIL.C.) Analternative plotting program RSAP [RS01] is currently'
under development and will be made available at a future time.

Users on other systems may prefer to use other plotting packages. To facilitate this, the
“SAMMY manager” can now choose between two alternatives when linking the program. To
use the ODF option, the manager includes file modfio.o (compiled form of modfio.f) when
linking those segments which require the plotting routines. To use the other option, the manager
replaces file modfio.o with modf3.o (compiled form of modf3.f); this is most readlly
accomplished by simply renaming modf3.o to modfio.o prior to the link step. With this option,
SAMMY will produce a “generic” binary file (also named SAMMY .ODF) which contains the
same information normally stored in the ODF file, but in a form which can easily be read by a
simple FORTRAN code.

A sample code SAMPLT (file mplt.f) is provided with the SAMMY FORTRAN.
SAMPLDT reads the binary file and produces an ASCII file (ASCIL.PLT) which contains the same
information as the ODF file on the ORNL version. The local SAMMY manager may wish to
modify the file mplt.f to accommodate his system’s needs; mplt.f contains extensive comment
cards to aid in making the needed modifications.

Note that versions of this program (SAMPLT) prior to SAMMY-M5 were named

“sambin” instead of “samplt”. However, the word “bin” has special meaning on Unix systems;
hence the name has been changed to avoid potential conflict with system routines.
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VIILG SAMTHN: THINNING DATA

Often a data file will contain more points than are needed to define the measurement (e.g.,
data appear to be very dense in energy regions where there is little structure in the data).
SAMMY runs will therefore require far more computer time than is actually needed. For these |
reasons it is often deemed reasonable to “thin” the data, at least for preliminary runs. A program
SAMTHN has been written for this purpose; it has not, however, been studied extensively so use
with caution! Please note, also, that any results obtained with thinned data should ultimately be
tested agamst the complete dense data set, to ensure that no 1mportant features were missed.

In running SAMTHN, the user provides two files, plus the name for the new thinned data
file. The first user-provided file gives instructions on how the thinning should be done; the
second is the dense data file. The first line of the thinning file contains three numbers
(N, Emin, Emax) in 15, 2F10.1 format. The integer N tells how many data points are to be
averaged together in the energy range from Emin to Emax. Second and subsequent lines contain
two numbers (N, Emax); Emin is assumed to be equal to the previous Emax. Note that energies
must be given from low to high, no matter what the ordering of data points in the original dense
data file.

The fourth line of input (after the three file names) contains one character, which
describes the type of input data in the dense file: O = Original (three energy-points per line, as

"in the original MULTI-style data format), C = CSISRS data, T = Twenty format, and D =
- Differential elastic data (ASCII format only). For differential elastic data, there is one additional

line of input, an integer equal to the number of angles.

For O, C, or T, the format for the output thinned data file is always (3F20.10); in using
this data file for SAMMY runs, the INPut file must contain the line USE TWENTY
SIGNIFICANT DIGITS FOR EXPERImental data. For D, the output format is (F10.2,7F10.5);
if this format is inappropriate, for this simple code the author assumes the user can make the
necessary changes him/herself.

The algorithms used by SAMTHN to average the data are as follows:

N -2 . .
Yy — , _ (VILG.D)
i=1

N .
> = . (VIILG.2)

with
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_ N . '
Vo= ( Y 14") ! , . (VIILG.3)

i=1

in which E represents the energy, D the data, and ¥ the variance (i.e., the square of the
uncertainty). Quantities with subscripts are from the original dense data set, and
quantities with bars represent the averaged values.

Test Case Tr72 has two examples for thinning data.
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VLK SAMCPR: COMPARE RESULTS

Program SAMCPR is as an aide in comparing cross sections calculated by one computer
code (e.g., NJOY [Rm82] or REFIT [MM89] ) with those calculated by SAMMY. First, a no-
Bayes SAMMY run is made, using the other code’s calculations as the DATa file, and including
the alphanumeric command “compare experiment to theory” in the INPut file. SAMMY
generates a binary file SAM53.DAT, which can then be read by program SAMCPR to produce
the ODF file SAMCPR.ODF.

' The contents of the various sections output file SAMCPR.ODF are as follows:

S1 = energy .

S2 = X = “data,” which may be a calculation from another code
S3 = § = “theory,” which is the SAMMY calculation
S4=X-8 '
S5=(¢(X-S)/S

S6=(X-S)/Sx10°

S7=(X-8)/Sx10*

S8=(X-8)/Sx10°

S9=(X-8)/8x10°

S10 = S5 adjusted for small cross sections
S11=S10x 10°

S12=S10x 10*

S13=S10 x 10°

S14 =810 x 10°

For Section 10, the quantity (X -S) /S is replaced by 10% if both X and S are smaller than
0.0001. Thus the value S10 through Si4 will be sizeable only when the cross sections

themselves are reasonably large.

Note that early versions of this program were called SAMCMP. However, “cmp” is a
special word on unix systems; hence, the name has been changed.
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VIILM SAMRPT PLOT RPI RESOLUTION FUNCTION

To plot the components and the total RPI resolution function (see Section IV G, page 92s)
at a given energy, use program SAMRPT. Input to SAMRPT consists of two lines of
information: The first is the name of the PARameter file. Alternatively, it could be the name of
a file containing the RPI portion of the PARameter file; the header line (“RPI Resolution
function™) may or may not be present. The second line contains the energy in eV, mass in atomic

mass units (amu), and ﬂlght-path-length in m, in 3F format (separated by commas or spaces);
alternatively the same information may be given as the first line in the RPI file. [Default values
for these three quantities are 150.0, 183.85, and 25.604 respectively.]

Output from a run of SAMRPT consists of one ASCII file, SAMMY .RPI, which gives
derived quantities such as the time-width associated with each component of the resolution
function, as many as four plot (ODF) files plus four additional ASCII files:

SAM_RPIL.ODF — S1 = energy, S2 = (total) resolution function, S3 = time

SAM _RPI_BURST.ODF - S1 =time, S2 = burst-width component
'SAM_RPI_TDXXX.ODF - S1 = time, S2 = target-plus-detector component

SAM_RPI_CHANN.ODF - S1 =time, S2 = channel-width component

The four ASCII files have similar names to the four ODF files, with extension “ODF” replaced
by “PLT”. The same information from the various sections of the ODF files is given in the

~ corresponding columns of the PLT files.

Test case TRS53 gives numerous examples (not all of which make physical sense!) for the
use of this program.
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VIILN SAMDIS: STATISTICAL DISTRIBUTIONS

The code SAMDIS a slightly—modiﬁed version of the code SAMDIST [LL95], which is
used to verify the consistency of a resonance parameter set with the predicted theoretical
statistical distribution. Three different tests can be performed:

1. Level spacing distributions are compared with the Wigner distribution law.
Neutron, radiation, and fission width distributions are calculated and compared with the
+? distribution with the appropriate number of degrees of freedom (dof = 1 for the Porter-
Thomas distribution of neutron widths, dof = 2 or 3 for fission, and dof = o for capture
widths).

3. Long-range correlations of the energies are tested via the A, statistic of Mehta and Dyson.

Details of the three tests are given in the SAMDIST manual.
One modification to the code (and to the input; see Table VIIN.1) has been made
subsequent to the publication of the SAMDIST manual: The calculation of distribution of

neutron widths now includes penetrabilities. Hence it is necessary to define the orbital angular
momentum and to give the atomic mass of the target nucleus.
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Table VIIIN.1. Input for program SAMDIS

Card ,
Number SAMDIST prompt Response Notes
1 Type d (for spacing), w  “d”, “w”, or “d3” Line 3 appears only for
(for width), or d3 (for “W” in line 1
delta3)
2 Parameter file name name of file 30 characters or less
3(¢w” Enter particle channel “neutron”, “fission”,  only lower case is
only) ‘ or “gamma” permitted; note also that
this line appears only for
Test2 (“w” in line 1)
4 Spin group, initial and SAMMY spin group free format, separate by
final energies number, Emin and commas
Emax
5("w”and Enterland awr integer value of This line is absent unless
“neutron” orbital angular line 1 is “w” and line 3 is
only) momentum, mass of = “neutron” '
target nucleus
6 (“d” or Bin width for sampling  in units of energy This line is absent for
“W” Only) ‘5d3’7
7 (w7 Degrees of freedom degrees of freedom This line 1s here for “w”
only) for chi-squared only (not for “d” or “d3”)
distribution
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VIILO SAMSMC: MONTE CARLO MULTIPLE SCATTERING

In Sect. IIL.F, SAMMY’s method of calculating the mutiple-scattering corrections to the
capture and fission yields is presented. Because these calculations involve many complicated
expressions as well as approximations whose legitimacy canbe questloned itis desirable to have
an independent means of testing the calculations. Monte-Carlo is suitable for this task, as the

method is completely different from the analyt1c-w1th-approx1mat10ns approach taken in Sect.
ILF.

[GD80] and modified by Francis Perey. More recently, the SAMMY author has modified this
code to include anisotropic scattering (non-s-waves) and more than one nuclide. In addition,
an interface was developed with the SAMMY code, in order for SAMSMC to read and use the
same Doppler-broadened cross sections and energies that are used in SAMMY.

Complete documentation of SAMMY’s multiple-scattering capability, including
comparisons to the Monte-Carlo results produced by SAMSMC, is in preparation [NLO1]. What
follows is preliminary documentation on the input to and use of SAMSMC.

1. Run SAMMY up to the point where it would begin execution of segment SAMSSM. (To
do this, insert a line in the alphanumeric section of the INPut file Wthh says
stop_ssm__1
‘in which there is one space after “stop” and two after “ssm”. Alternatively, run SAMMY
interactively and abort immediately when the code begins running SAMSSM.) The
temporary file SAM51.DAT (SAM54.DAT if no Doppler) holds the cross sections needed
for the multiple-scattering calculations. Rename this file to be used i in later steps.

2. Run program SAMSMC (SAM-Ssm-Monte-Carlo), with the following input:

Title [whatever you wish]

Energy-mesh information [Emin,Emax,0.]

Name of file with energy mesh [here only if Emin=0 in a]

THSAMP, XSAMP, YSAMP, XBEAM, YBEAM [like Card Set 11 in INPut file for
the regular SAMMY run] -
Thickness (in atoms/bam) Mass (in amu)

where {Avagadro's #}" is 1.6605402x10% grams/amu

Maximum number of histories

Number of scatterings to include

Name of the file generated by SAMMY run [used to be SAMS51.DAT]

Maximum L-value in that file [where L is the vector sum of the orbital angula;r
momentum for the individual levels]

j.  Normalize as yield (Y) or cross section (C) or other (O)

o op

o

=oprge
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Two output files are produced by the SAMSMC run. MC_1.DAT holds the various cross
sections, and MC_2.DAT contains results from 0 scattering, 1 scattering, two-or-more
scatterings, and the sum of those three. Rename these, if desired.

Run program SAMSMX (SAMSMec-fiX), with the following input: A
a. Name of the cross section file produced by SAMSMC (MC_1.DAT)
b. Name of the second file produced by SAMSMC (MC_2.DAT)

Four output files are produced by this run. Three are ASCII files name MC_Y0.DAT,
MC_Y1.DAT, and MC_Y2.DAT; these contain the self-shielded yield, the self-shielded
plus single-scattering-corrected yield, and the full multiple-scattering-corrected vyield,
respectively. These files are in a form suitable for use as SAMMY DATa files, in the
TWENTY format (see Sect. VI.C.1).

The other output file produced by this procedure is named MC.ODF, and is an ODF file
with the following sections:

S1. energy ineV

S2. 0 scattering (self-shielding) only
S3. 1 scattering

S4. 2 scatterings

S5. 0+1

S6. 0+1+2

S7. capture cross section

S8. total cross section ‘
S9. (1-exp(-thxtotal)) x capture / total

Sections of this file can be compared to output in Section 4 of the ODF file produced by the
corresponding SAMMY runs. For example, output from a SAMMY run which includes
single scattering (finite disk) but not double scattering would be compared to Section 5 in
MC.ODF.
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XI. DESCRIPTION OF THE COMPUTER CODE SAMMY

The computer code SAMMY was originally developed for ease and efficiency of running
on the DECSystem-10 (PDP-10) at the Oak Ridge Electron Linear Accelerator (ORELA).
Because core storage rather than CPU time was the limiting factor on the PDP10, a number of
techniques were used to preserve core, occasionally at the expense of runtime. These techniques
include dynamic allocation of array storage (Section XI.A), use of temporary data files to store
intermediate results (Section XI.B), and division of the program into substantially independent
segments (Section XI.C).

In 1985 ORELA replaced its PDP10 with a VAX785, and SAMMY migrated to the
system. Since the mid 1990's, the primarily operating system for SAMMY development has
been UNIX, but portability to VMS operating systems has been maintained. Currently the author
maintains the code under UNIX (f77 on IBM and VAX-Alpha workstations), VMS, and LINUX
operating systems. The same version also works on Windows under Compaq FORTRAN.

Recently the "division of the program into substantially independent segments" was
significantly altered; see Section XI.C for details. Future plans call for continued modernization
of the coding, including conversion to FORTRAN 90; this will eliminate the archaic "dynamic
allocation of array storage" currently in use (Section XI.B).
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XI.A DYNAMIC ALLOCATION OF ARRAY STORAGE

Because SAMMY was developed prior to the advent of FORTRAN 90, which supports
dynamic storage allocation, SAMMY uses its own scheme for dynamic allocation of array
storage. Since this scheme is more cumbersome (and involves one fixed limit), this aspect of
the code will be one of the first to be modernized when the code is converted to FORTRAN 90.
What follows is a brief description of the scheme currently in use in SAMMY (Version M5 and
earlier).

All arrays required by the computer program are stored in one location in
COMMON/EXPAND/A(n), where 7 is a large number. (This common statement, in turn, is

stored in the INCLUDE’d file BOOZYX.) Allocation of space in this common block is

accomplished via a call to FUNCTION IDIMEN, which remembers the last location allocated,
and appends the new array to that position. When an array is no longer needed, its space is
released for future use via another call to IDIMEN. IDIMEN issues a warning if more than »
words are required in COMMON/EXPAND/A, and also indicates the maximum size actually
used in each segment of the program.

[The value for the dimension # is stored as variable MSIZE which is defined in the
INCLUDE’d file BAAZYX and stored in COMMON/OOPS/; this common block is stored in
the INCLUDE’d file B10ZYX.]

The SAMMY scheme for dynamic allocation of array storage is best illustrated with a
simple example. Let us suppose that two vectors V1 and V2, both of length N, are to be
initialized, added, and stored in V1, after which V2 is no longer required. A program to perform
these operations is given in Table XIA.1. Notice that mnemonic names can be used in the usual
manner in all subroutines, provided arrays are input to the subroutines through argument listings.

Historically there have been many advantages to using dynamic allocation of array
storage. First, core requirements are kept to a minimum, since only the array length actually
needed is allocated and temporary arrays are released when no longer needed. Secondly, because
allocation is made during the execution of a program, substantial changes in the dimensions for
a specific case do not require recompilation of the program. Finally, when recompilation is
needed (when the maximum array space requirement is larger than n), only those routines
containing COMMON/EXPANDY/A need to be recompiled.
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XI B USE OF TEMPORARY DATA FILES TO STOREIN TERMEDIATE, RESULTS »

Output to and 1nput from temporary ﬁles isa tlme-honored method of s savmg core space at
the expense of runtime. In versions of SAMMY prior to M5, the use of temporary files also
provided the necessary linkage from one module to another; /O for this purpose has now been
eliminated, since the segments of the code are now united into one large code. Nevertheless
there are still many temporary files created by a SAMMY run; many of these will also be phased
out as modernization of the code proceeds. For now, upon successful completion of a SAMMY
run, the temporary files may be deleted.

Itis still possible to debug the code in a piece-wise fashion, one segment at a time. However,
it now requires a bit more planning on the part of the programmer. First,a SAMMY run is made
which includes the alphanumeric line

“stopxyz n

in the INPut file, where 7 is a one-digit integer pro'ceeded by two spaces, and xyz is the name of
the segment for which debugging is needed. This line is a command to SAMMY to cease
execution just prior to the beginning of the nth pass through segment xyz, and generate the
temporary files that permit restart of that segment alone. After this run finishes, the programmer
can save those temporary files and use them for debugging on segment samxyz.

The temporary files generated by SAMMY are listed in Table XIB.1, along with input and

output files required by or produced by the code. “Standard” names referenced i in the third
column of the table are “SAMxx.DAT,” where xx is replaced by the unit number.
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Table XIB.1. Files used by SAMMY. Note that the letter A, B, or O in the second P
column indicates whether the file is written as ASCII, binary, or ODF file

A, Filename Segment: subroutines Segment: subroutines
Unit B, if not in which this file is in which this file
No. O  standard ~ written is read Content
5 A (From mas: inppar, fpar, sumstr,  See Table VID.1
terminal, fixnam, datcov,
or batch writl6, file2x
file) ‘ ort: samort
rpt:  samrpt
rsl:  samrsl
sta: samsta
thn: samthn

6 A Logfile  [Many places]

10 A ENDF/ mas: endfb6, rcontx, rcont, See Table VIF.1
B-Vl file : ' rtabl, rlist
_ 2
10 A ENDF/B rec: read3, rdndf3 File 3 contribution
file 3 cro: read3, rdndf3 to cross section
- xct: read3, rdndf3 .
10 A MXW . : mxw: rktxxx, readkt - See Section VI.LH Py
file .
10 A NDF file ndf: endfb6, rdndf, rdntgq  See Section VI.F
10 A  (No thn: samthn File with thinning
' standard instructions; see
name) Section VIII.G
11 A INPut mas: finp, new, newinp See Tables VIA.1
file : and VIA.2
12 A  (No thn: out File containing
standard thinned data in
name) ~ “twenty” format;
see Section VIILG.
12, A Initial mas: fpar : See Table VIB.1
32 PARa- , inp: qgresp, qfudge, gextr,
meter _ grext, qradi, gisot,
file qbroa, gmisc, gpmcs,
qorre, qrpire, gnorm,
gbackg, qdatp, qunus,
gbaga, qcova, grelu,
qexpl, pread
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- XL C DIVISIONOF THE PROGRAM INTO AUTONOMOUS SEGMENTS

Prior to version M5 of SAMMY (in the year 2000), the code SAMMY was actually a system
of~50 semi-autonomous codes which executed sequentially and which communicated with each
other via I/O from/to temporary files. This structure was originally necessary, when computer
memory was small and virtual memory non-existent, and it also had the great virtue of permitting
the author to debug each segment independently of the others.

With the advent of modern computers, this independent nature of the segments became
obsolete and has therefore been eliminated. The various pieces have been assembled into one
code. Many (but not yet all) of the read and write operations have also been eliminated. Users
will notice two immediate benefits from this modernization of the code:

(1) Porting SAMMY to a new platform is considerably easier than in the past. Subroutine
execv, the C-language (or system) routine which permitted one FORTRAN routine to initiate
execution of another, was a major source of difficulty in porting the program; execv is no longer
used. Also, the location (path name) of the executable files must no longer be specified within
the code prior to compilation.

(2) Execution time is shortened. The author has noted improvement by as much as 70% on
the test cases, though more modest gains are likely on routine runs.

. The basic structure of the code has not changed, however: SAMMY still consists of semi-
mdependent segments which are now called sequentially by a main routine. There are
approximately fifty segments (or modules), not all of which are used for every SAMMY run.
Table XIC.1 describes the functions of each segment and indicates the calling sequence. The
order of the segments in the table is alphabetical; a flow chart (at the end of the table) shows the
order in which the modules are used.

By convention, the segment name is “saxﬂabc” where abc is replaced by the three characters
listed in the table. For most of the segments, relevant files are contained within a subdirectory
of the same three-character name (in lower case, on UNIX operating systems). (Most segments
also make use of subroutines in files stored in other subdirectories.) The name and location
conventions are not, however, rigidly followed. Some subd1rector1es store files used in many

segments, but do not themselves constitute a segment. Other subdirectories hold coding for

several segments.
In addition to the segments that operate within a SAMMY run, a number of auxiliary

programs are available to be used in conjunction with SAMMY. These programs are described
in Section VIIL; however, most are also included in Table XIC.1.
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Table XIC.1. Segments of the code SAMMY

Alter-

native Control comes
Seg-  seg- Control passes to from which
ment  ments Primary functions which segment? segment?
ACS Calculate cross sections etc. for MPW FFF, FIT

unresolved resonance region

AMR Reorganize covariance file when . (Stand-alone program)
changing data-reduction
parameters (Section VIILA)
ANG Generate angular distribution INT, ORR, RPI, - INT, DBD,
(Section IILE) orRSL DOP, FGM, or
; o XCT
AVG GRP  Generate “multigroup cross - DAT or END SQU
sections”, i.e., averages of
theoretical and experimental
cross sections (Section V.C)
BIN PLT (Renamed to PLT because BIN is a reserved name on some systems)
BLK ~ (Subdirectory stores common blocks)
COU XXX  (Subdirectory contains routines used to generate Coulomb penetrabilities,
shift factors, and hard sphere phase shifts)
convrt Main program for converting INP,
resonance parameters from refsam
REFIT format to SAMMY or
v.v. Stored in subdirectory /ref/ 4
CPR Read binary file SAM53.DAT (Stand-alone
(Cf‘;d";‘)e"y (which was generated by program samcpr)
samnpv or samipq) and create
ODF file ,
CRO MLB, Generate theoretical cross DBD, DOP, THE
XCT  sections using the Reich-Moore =~ FGM, INT,
approximation to multilevel R- MXW, NTG,
matrix theory (Section II1.A) ORR, RPL, RSL,
or SQU
DAT Read the DATa file; generate the IDC, REF, or AVG, FIN,
auxiliary energy grid used for THE NEW, or OLD
broadening ’
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Table XIC.1 (continued)

Alter-

native . . Control comes
Seg-  seg- Control passes to - from which
ment ments Prlmary functions which segment? segment?

DAX DAT (climinated with version M5y S
DBD DOP, Doppler-broaden the theoretical ~ANG, INT, ORR, CRO, INT,

FGM  cross section using the original ~ RPI,RSL,or ~  MLB, or XCT
method. (Sectlon IV.A. 1) SSM
DIS : Calculate statlstxcal propertles o ‘(Stand alone program samdis)
DOP DBD, Doppler-broaden the theoretical ANG, INT, ORR, CRO, INT,
A FGM  cross section using the Leal- RPI, RSL, or MLB, or XCT
Hwang method (See Sect. IV.D) SSM
- END Reorganize files for another INP or quit AVG, FIN,

- pass, or delete temporary files at GRP, MAS,
end of run. Subdirectory also . MXW, NDF,
contains files with output ODF, or REC,
subroutines RST, YWY

FDC  Update data file with implicit ~ (ends) =~ INP
' ' ' data covariance information ' ' -
FFF Read input for analysisof ~ ACS  MAS

unresolved resonance reglon _
FGM DBD, Doppler-broaden via the free. gas ANG, INT, NTG.  CRO, MLB,

"DOP  model (Section IV.F) ORR,RPLRSL, XCT
SQU, or SSM
FIN Convert results from u- ' JDAT END or h IPQ,MPW, or
" parameters to physical THE NPV
parameters; output results ‘
FIT Output results for unresolved ACS  MPW
resonance region
FNC (Subdirectory contains codlng for frequently used functlons)
GRP AVG  Generate multlgroup cross END SQU ”

sections using Bondarenko
narrow-resonance weighting
scheme (Section V.C.2)

IDC Read and sort implicit data. ~ REF, RST, THE  DAT
covariance information
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Table XIC.1 (continued)

Alter-
native Control comes
Seg-  seg- Control passes to from which’
ment  ments Primary functions which segment? segment?
INP Read INPut file for control FDC, PAR END or MAS
commands and for information
about the data set; read through
PARameter file to set array sizes
INT Print theoretical cross sections ANG, DBD, DOP, ANG, CROQ,
and/or partial derivatives; write =~ FGM, MXW, DBD, DOP,
parts of plot file NPV,NTG, ORR,  FGM, MLB,
RPLRSL, SQU,  QRR, RPL, RSL,
SSM, WYW, or
YWY SSM, or XCT
IPQ MPW, Solve IPQ form of Bayes’  FIN SQU
NPV Equations (See Sect. ILB.1.b)
MAS Read input commands and file END, FFF, INP, SAMMY
names; read portions of INPut or ODF
file; organize the manner in
. _\_’_Vhich SAMMY will run
MLB CRO, Generate theoretical cross DBD, DOP, FGM, THE
XCT  sections using the single or INT, MXW, NTG,
multilevel Breit-Wigner theory ~ ORR, RPL RSL, or
(Section IIL.C) SQU
MPW  IPQ, Solve Bayes’ Equations via the FIT ACS, SQU,
NPV~ MPW method (See Sect. I} wWYw
MXW Generate stellar (Maxwellian) END CRO, MLB,
average capture cross section REC, SQU, or
(Section V.P) XCT
NDF Output resolved resonance END NEW or OLD
parameters in ENDF-6 file 2
format
NEW OLD  Generate the initial covariance.  DAT, NDF, REC, PAR
matrix for the parameters REF, WYW
NPV  IPQ, Solve NPV form of Bayes’ FIN INT, NTG, or
MPW  Equations (See Section I1.B.1.a) SQU
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Table XIC.1 (continued)

Alter-
native . - Control comes
Seg-  seg- Control passes to from which
ment ments anary ﬁmctlons - which segment? ; segment?
NTG Calculate integral quantities (see NPV~~~ CRO,FGM,
' Sect. V.I) MLB, REC,
SQU, or XCT
ODF Initialize the plot (ODF) output END ~~ MAS
file by writing energies into S1,
data into S2 and S6, and
uncertainties into S3 and S7
OLD NEW Read the initial covariance ~~ DAT,NDF,or ~ ~ PAR
matrix for the parameters froma REC o
binary file generated by an
~ earlier SAMMY run
ORR RPI,  Resolution-broaden the " INT = ANG,CRO,
RSL  theoretical cross section using DBD, DOP,
the realistic resolution FGM, INT, MLB,
. broadening (Section IV.E) SSM, or XCT
ORT (Stand-alone program to study ORR resolution functlon)
PAR Read parameters from " NEWorOLD  INP
PARameter file
PLT Convert from binary plot fileto (Stand,—alone progfam Samplt)
another optlon '
QUA (Stand -alone program to generate quantum numbers)
REC Reconstruct pomt—W1se cross END MXW, or ' NEW or OLD
section from resonance parameters NTG
REF Convert resonance parameters DAT, IDC
from SAMMY to REFIT format;
a part of program convrt (not
....... program sammy)
refsam Convert resonance parameters  WRT convrt
from REFIT to SAMMY format;
a part of program convrt; files in
subdirectory /ref/
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Table XIC.1 (continued)

Alter-
native _ Control comes
Seg-  seg- Control passes to from which
ment ments Primary functions which segment? segment?
refwrt Output resonance parameters (ends) REF
from in REFIT format after
conversion from SAMMY
format; a part of program convrt;
files in subdirectory /ref/
RPI  ORR, Resolution-broaden the INT ANG, CRO,
RSL  theoretical cross section using DBD, DOP,
the RPI resolution function FGM, INT, MLB,
SSM, or XCT
RPT (Stand-alone program to study RPI resolution function)
RSL ORR, Resolution-broaden theoretical INT ANG, CRO,
RPI cross section using the original DBD, DOP,
method (Section IV.A.2) FGM, INT, MLB,
_ ‘ SSM, or XCT
RST (Stand-alone program to study RSL resolution function)
SAMMY Begin MAS
SMC Generate multiple-scattering stand-alone
correction to capture or fission program samsmc
yields via Monte-Carlo method
SQU Expand the triangular storage of AVG, IPQ, CRO, INT,
: the covariance matrix to full MPW, MXW, MLB, or XCT
_ square form NTG, or NPV
SSM Perform self-shielding and INT, ORR,RPI, DBD, DOP,
multiple-scattering calculation or RSL - FGM, INT, or
for capture yields XCT
STA (Sand-alone program samsta to generate stair-case plots)
THE Perform bookkeeping relatedto  CRO, MLB, or DAT, FIN, IDC
cross-section calculations XCT
THN (Sand-alone program to thin dense data)
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I ‘ } R Table XIC.1 (continued)

Alter-
native Control comes
Seg-  seg- Control passes to from which
ment ments Primary functions which segment? segment?
WRT Output SAMMY-style resonance (ends) ~  refsam
' parameters after conversion
from REFIT format; a part of
program convert; stored in
subdirectory /ref/ ,
WYW Read Y, and W, and add, foruse MPW " NEW, OLD
in segment MPW (see Sect.
I1.B.1.c)
XCT CRO, Generate theoretical cross ANG, DBD, DOP, THE
MLB  sections using alternative FGM, INT, MXW,
formulation of Reich-Moore NTG, ORR, RPI,
(Section IT1.D) 'RSL, SQU, or
| SSM
XXX (Subdirectory stores routines relating to penetrabilities, shift factors, and
Ve , hard-sphere phase shifts for non-Coulomb interactions)
YWY _ Generate Y,and W, forusein ~ END INT, NTG, SQU
segment MPW (see Sect.
I1.B.1.c)
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Fig. XIC.1. Flow chart for SAMMY.
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XI.D QUALITY ASSURANCE

~ The SAMMY quality assurance program involves a series of “test cases,” each of which is
designed to test a particular feature of the code. Whenever a new feature is added to SAMMY
or a major bug exterminated, a new test case is developed. Prior to the release of a new version
of the code, all test cases are run on several computer platforms, to ensure that recent changes
have not adversely affected the behavior of older features. These test cases, both input and
output, are released, along with the source codes (e.g., from RSICC); anyone wishing to port
SAMMY to his or her own computer is advised to run a significant number of test cases,
compare output, and resolve major differences before beginning new analyses. In particular, a
user should run those test cases which contain the features s/he uses in her/his own research.

Table XID.1 gives a brief description of the test cases, which are numbered chronologically
in order of their development. Cases 1 through 9 are labeled “tr1” through “r9” (where “tr”
denotes “trial” number), and cases 10 through 99 are “t10” through “t99.” These labels are the
first three characters of most files relating to these test cases; in addition each test case is in a
separate subdirectory. In each case, the command file is named “m!txx” where xx is either r1
through 19, or xx is the two-digit trial number. [And, since there are now 99 test cases, that
convention will be modified in the near future.] w

Note that some numbers (e.g., tr33) are omitted from the listing in Table XID.1 and are not
included in the release. Note also that all experimental data used in the test cases are to be
treated as “dummy” data, not to be used for any purpose other than to verify the accuracy of the
SAMMY calculations. The same is true of resonance parameters used in the test cases.
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Table XID.1. SAMMY test cases

Module Data
No.  tested Main feature being tested type Nuclide
1  samdat Correlated data (DCV file) Elastic = Ni60
2 samipq, Comparison of different solution methods for Trans- =~ P204
samnpv  Bayes’ equations mission
3  sampar R-external Trans Ni60
4  samfin, Simultaneous vs sequential solution of Bayes’ Trans Ni60
samold  equations ,
5 samdat  Use ODF file as input Fission ~ Am241
6 Resonance parameters only Trans Ni60
7 samamr Rearranging “active” data-reduction parameters  Trans Fe56
8 samdat  Comparing alternative auxiliary grids Trans Ni58
9 Simultaneous vs sequential solution of Bayes’ Fission  Pu239
Equations; explicit input of prior uncertainties
10 saminp  New spin group format Trans Zx93
11 R-external Trans Fe54
12 Varying channel radius, normalization, and/or Trans Nis58
background
13 samxct  Channel radius Trans Ni58
14 samavg  Averaging experimental and theoretical data Fissi Pu239
15 samnew “Relative uncertainties” vs “explicit Trans Ni58
uncertainties” in PARameter file
16 Radius Trans Ni58
17 Long run Fission  Pu239
R Different cross sections (All) U235
20 samfgm, Different versions of Doppler broadening Fission U235
samdbd,
samdop
21 samorr  Oak Ridge Resolution function; vary radius Trans Ni38
22 samrsl Shift exponential tail on resolution function Trans Fe56
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Table XID.1 (continued)

Module Data

No.  tested Mam feature belng tested type Nuclide

23 samndf _ Make ENDF File 2 " Trans P04 NiS8

9 — frsitess st s Trans T

25 sammlb _MLBW vs RM | Trans _ FeS6
26 samfgm  Compare d_lffereutDo,pplé’r broaderrlrrg methods Fission Am241

27 | Generate partial derivatives Fission U235

28 samdbd’___ No low—energy Doppler broademng | Total Pu241
29Abundance as avarlable VVVVV T /WTrans o N158 N

30 Remove resonances usrng negatlve group’ o J‘Trans | N158

) number n PARarneter file

31 samdop LHys no broademng vs FGM at thermal | ‘» '4 viFrssmn,) U235

32 samamr Vary radu convert “active” data—reductlon parameters k‘Traﬁsﬁ F656 o

34 samorr  ORR resolut1on functron at thermal energ1es " Trans  Cu6S

3 T as"_rr_nscellaneous parmameter i ) *“'Captureu~ “‘U235H:
37 samrec Reconstruct pornt-w1se Cross sectlons from ,A_ll . lots e

resonance par ameters

39 samssm Self- shleldrng and multrple scattenng Capture N158
' corrections to capture yields

42 sammxw Maxwellian (stellar) averages “ Capture Nis58
43 samang Differential elastic angular dlstrrbutrons dc/dQNlSS,CrSZ,

45 samssm  Multiple-scattering with more than one nuclide Capture Natural Fe N

in sample
46 samssm Ditto, making plots with and without corrections Capture | ‘NaturalFe ‘
47 ’_Vary tzero and eLzero o J o “Trans ~ FeS6
48 samrsl Channel resolution vanes wrth energy ”""Flssrorr Pu2.>9 o
49 samrec, Reconstruct point-wise cross sections, use - Capturek blFe54 \

sammxw results to calculate stellar averages

50 sammas- Use ENDF Flle2 for mput to SAMMY o Trans o C059

et S A S L g R 1 BB L B
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Table XID.1 (continued)

Module _ Data
No.  tested Main feature being tested type Nuclide
51 | sammxw  Various ways to generate stellar averages Capture  Bal36
52 samssm  Self-shielding and multiple-scattering corrections Capture  Bal34
53  samrpt Generate RPI resolution function
54  samrpi Use RPI resolution function Trans W
55 Paramagnetic cross section Total Dummy
56 Background function Dummy
57 samssm Self-indication data " Self-ind  Dummy
58 samdop, Very low energy Doppler Capture  Dummy
samfgm
60 samssm  Self-shielding and multiple-scatter Capture  Bal36
61 samref Convert REFIT input to SAMMY and vv
62 samssm  Double (etc.) scattering Capture W
63 ‘ Constant cross section Dummy
64 Fission yields, polar coordinanants, Fission U235
67 samdat Twenty significant digits for data Dummy
69  samntg Integral quantities All U235
-70  samidc, Implicit data covariances U235
samfdc
7 Write covariance matrix in compact ASCII format -
72 samthn Thinning data
73 samfff Unresolved Resonance Region many U235
74  samidc Various ways to use data covariance information |
75  samavg Generate group average cross sections with and
_ without covariances
76 Like tr39 but uncorrected Capture  Ni58
77  samxct, Comparison with other codes (AlD U235
SAMLG, oo
78  samxct Spin-group-dependent detector efficiencies Capture  Bal36
79  samrsl Energy-dependent exponential broadening’ Capture  Bal36
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Table XID.1 (continued)

Module : Data
No.  tested Main feature being tested type Nuclide
80 samrsl  Exponential foldingwidth . Total U235
81  samrsl Energy-dependent exponential folding width Total U235
82 samywy, Retroactive covariance many U235
samwyw
83 samold, Concise covariance format; many U235
samgrp Bondarenko multi-group cross sections
84 samold Concise covariance format ‘ captixré u23s
85 samgrp  Bondarenko averaging capture, U235, Al27
: total
86 samndf  Generate and/or read-and-use ENDF file 2 trans, Al27
____ ] capture
87 samamr  background functions and RPI resolution function trans . WI183
88  samfff, unresolved resonance région with many data sets, many Cm244
samacs each with its own normalization -
89 samywy, retroactive covariance matrix; total - Si29
samwyw  covariance for multigroup cross sections _
91  samxct Coulomb (n,a) 016
92 ..samdis  LuizLeal’s samdis (samdist) program
93  samxct Exit channels specified separately reaction 016
94  samrpi, RPI resolution function trans Tc99
samrpt
95  samrpt RPI resolution function N Tc
96 samsmc  Monte Carlo generation of multilple-scattering capture Nis8
______ corrections to capture yield
99 samorr,  general capture  Pt192

samfgm
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